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Regulating seasonal shifts in the gut microbiota of Siberian hamsters. J Pineal Res
2020; 69:e12696.
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Sciences
Chapter 5: Formatted according to the style of Journal of Biological Rhythms
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ABSTRACT
The daily axial rotation of the Earth and its annual orbit around the sun both result
in recurring fluctuations in geophysical cycles, thus creating cyclic changes in
environmental factors. Organisms that can anticipate these environmental changes and
adapt appropriately may maximize their survival and fitness. Such adaptations manifest
themselves as biological rhythms: rhythmic shifts in physiology and behavior that match
rhythmic shifts in environmental conditions. Among the most predictable environmental
cues in temperate regions is the annual progression of changes in day length, and the
capacity to measure and respond to seasonal changes in the light cycle is termed
photoperiodism. Siberian hamsters (Phodopus sungorus) are robustly seasonal: they
express multiple readily observable changes in physical, physiological, and behavioral
outputs, and are thus an ideal model in the study of photoperiodism. Although the broad
mechanics of photoperiodism have been well-documented, neither the exact
neuroendocrine mechanisms governing seasonal rhythms in behavior and physiology, nor
their relationships to each other and to the environment, have been fully characterized.
Thus, the goal of the present research was to clarify these interactions by investigating
the links between photoperiod, brain, physiology, gut microbiota, and behavior. First, we
investigated the neuroendocrine pathway underlying photoperiodic physiology, and
found that the paraventricular thalamus is necessary in regulating seasonal alterations in
stress and immunity. We then investigated the relationship between photoperiod, brain,
and the gut microbiota, and found that seasonal shifts in the microbiota are driven by the
pineal gland. Finally, we investigated the relationship between the gut microbiota and
seasonal behavior, finding that the gut microbiota plays an essential role in the seasonal
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expression of aggression. Altogether, the present research connects photoperiod to the
brain, the brain to physiology, and physiology to behavior, while also opening promising
new avenues of investigation regarding each of these relationships.
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CHAPTER 1

Introduction

The daily axial rotation of the Earth and its annual orbit around the sun both result
in recurring fluctuations in geophysical cues (Hut, et al, 2013), thus creating cyclic
changes in abiotic factors such as temperature, humidity, precipitation, and light. As these
environmental conditions fluctuate, so do biotic factors, including availability and access
to resources, food, and mates. Organisms that can anticipate these environmental changes
and adapt may maximize their survival and fitness (Stevenson and Prendergast, 2015).
Such adaptations manifest themselves as biological rhythms: rhythmic shifts in
physiology and behavior that match rhythmic shifts in environmental factors. Biological
rhythms are present across taxonomic kingdoms, and follow various time scales (Visser,
et al, 2010), such as circadian (approximately 24 hours), circalunar (approximately
monthly), circannual (approximately yearly), and photoperiodic (approximately
seasonal).
The ability of organisms to synchronize their endogenous rhythms to the
environment evolved in cyanobacteria over three billion years ago, likely as a mechanism
to protect DNA from damaging ultraviolet radiation (Pittendrigh, 1993). This ability to
sustain endogenous rhythms and to synchronize internal biology to external cues (a
process known as entrainment) effectively allows organisms to keep track of time.
Biological timekeeping has since evolved multiple times throughout the history of life on
Earth and has been found to exist in some form in virtually every species examined (Hut
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and Beersma, 2011). This makes biological timekeeping one of the most ubiquitous
functions across life forms. However, there is variety within and across kingdoms as to
the exact mechanisms by which organisms receive environmental information, translate it
internally, and express physiological and behavioral rhythms. The focus of the following
material, and the present doctoral research, is to further characterize the mechanisms
underlying mammalian biological rhythms.
Mammals are found across the globe, and in a wide range of environments
(Ceballos and Ehrlich, 2006). Although every habitat has its own suite of abiotic cues, the
most robust and predictable environmental cue available, particularly for species living in
temperate latitudes, is the day length cycle (Hazlerigg, 2012). The capacity to measure
and respond to seasonal changes in the light cycle is termed photoperiodism (also
referred to as seasonality). Many mammals measure the absolute duration of light and
dark phases within a 24-hour cycle to coordinate circadian rhythms. However, those
mammals that are photoperiodic also measure the direction of change in day length
throughout the year (i.e., short summer nights transitioning into longer winter nights, and
vice versa) to infer season and adapt appropriately (Goldman, 2001). Examples of
seasonal adaptations include rhythmic changes in body mass, pelage color, reproductive
status, social and sexual behavior, stress, and immune function (Prendergast, et al, 2009).
The mechanism by which seasonal mammals measure and respond to light cues
primarily involves the eyes, brain, and endocrine system. Briefly, photic information
impinges on photoreceptors in the retina, and is transmitted to the suprachiasmatic
nucleus (SCN) of the hypothalamus via the retinohypothalamic tract (Prendergast, et al,
2007). The SCN functions as the mammalian circadian clock and entrains to light signals,
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projects to the pineal gland, and drives rhythmic pineal melatonin (MEL) secretion
(Freeman, et al, 2007). MEL is only secreted during the dark phase, and the duration of
the MEL signal is directly proportional to length of night; thus, duration of the MEL
signal is inversely proportional to the length of day (Carter and Goldman, 1983). Once
secreted, MEL acts on central and peripheral targets (Hazlerigg, 2012). In this way,
environmental light signals are encoded into hormonal signals, which then communicate
day length – and ultimately time of year— information to tissues throughout the body.
The Siberian hamster (Phodopus sungorus) is an ideal model in the study of
photoperiodism (Ebling, 2015). Siberian hamsters are robustly seasonal, expressing
multiple readily observable changes in physical, physiological, and behavioral outputs.
For example, Siberian hamsters lose a significant amount of body mass during the winter
(Duncan and Goldman, 1984), transition from agouti pelage in the summer to white
pelage for the winter (Bartness and Wade, 1985), and are significantly more aggressive in
the winter versus summer (Kramer, et al, 2008, Jasnow, et al, 2000). These hamsters are
reproductively active during the summer, but both male and female reproductive tracts
regress as days become shorter, so that they are incapable of reproduction during the
winter (Darrow and Goldman, 1985). As winter transitions to spring and the days become
longer, the reproductive tracts recrudesce, and reproduction commences once again in the
summer. Shifting energy away from reproduction in the winter allows reallocation of
energy stores towards crucial survival functions, such as immunity (Nelson, 2004).
Balancing reproduction with immunity is but one example of the many seasonal tradeoffs
necessary for Siberian hamsters to optimize both fitness and survival in the face of a
changing environment (Paul, et al, 2008, Martin, et al, 2008).
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Another notable seasonal rhythm exists in the composition of the Siberian
hamster gut microbiota. While there is still generally much to learn about the influence of
the microbiota on the host, increasing evidence suggests that the microbiota plays a
significant role in the development and maintenance of host physiology and behavior
(Fava, et al, 2018, Heiss and Olofsson, 2019), including in gastrointestinal function (De
Palma, et al, 2014), mood (Dinan and Cryan, 2013), immunity (Carabotti, et al, 2015),
and social behaviors (Munger, et al, 2018). Photoperiodic shifts in the microbiota of
Siberian hamsters have only recently begun to be investigated (Ren, et al, 2020, Shor, et
al, 2020, Bailey, et al, 2010); however, current results suggest that understanding the
relevance of seasonal shifts in the microbiota, as well as the relationship among the
microbiota, the brain, and the environment, will be crucial pieces in the comprehensive
characterization of photoperiodism.
Photoperiodic responses and the broad mechanics of photoperiodism have been
well-documented (Goldman, 2001). However, the exact neuroendocrine mechanisms
governing seasonal rhythms in behavior and physiology have not been fully
characterized. For example, there remain gaps in our understanding of the mechanisms
that underlie seasonal rhythms of immunity, stress, and the gut microbiota. Furthermore,
clarification regarding how these systems relate to environmental cues and to each other,
as well as how they influence physiology and behavior is required. The purpose of the
present doctoral research was to examine these questions, by way of three studies: 1) an
investigation of the paraventricular thalamus, a central melatonin target, and its role in
mediating seasonal stress and immunity; 2) an investigation of the pineal gland in
regulating seasonal shifts in the gut microbiota; and 3) an investigation of the relationship
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between the gut microbiota and seasonal behavior. The results of these studies further our
understanding of the mechanisms underlying photoperiodism, and they represent an
important advance in the field of biological rhythms.
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8

1. INTRODUCTION
Many animals inhabiting temperate zones exhibit seasonal rhythms in physiology
and behavior, resulting in the synchronization of their energy budget to the predictable
seasonal environmental changes and likely maximizing survival and fitness (Stevenson
and Prendergast, 2015). A primary strategy by which animals contend with seasonal
changes in the environment is to shift energy allocation from non-critical functions to
survival functions during winter (Stevenson and Prendergast, 2015, Hazlerigg, 2012). For
example, the highly seasonal Siberian hamster (Phodopus sungorus) suppresses
reproduction during winter, resulting in the allocation of more energy to immune function
(Nelson, 2004). Tightly regulating the immune system may balance the need of
organisms to resist pathogens, while at the same time keeping in check the potentially
harmful effects of an overactive immune system (Martin et al., 2008, Raberg et al., 1998).
It can be energetically costly to mount an immune response (Demas et al., 2003, Demas
et al., 1997), and the energy allocated to immune function likely represents a trade-off
between those physiological functions relating to growth and reproduction versus
survival. Indeed, activating the immune system of Siberian hamsters by simulated
infection results in inhibition of reproduction (Prendergast et al., 2003). Thus, properly
coordinating environmental condition and resource availability with energy allocation is a
critical challenge that has shaped the evolution of photoperiodic timekeeping (Stevenson
and Prendergast, 2015, Hazlerigg, 2012, Paul et al., 2008).
Day length is the principal proximate cue for control of seasonal rhythms in many
temperate and boreal zone rodents (Hazlerigg, 2012). Day length is encoded by rhythmic
pineal melatonin (MEL) secretion (Goldman, 2001, Carter and Goldman, 1983). Briefly,
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light information entrains the suprachiasmatic nucleus (SCN) of the hypothalamus, via
the retinohypothalamic tract (Prendergast et al., 2007). The SCN, in turn, projects to the
pineal gland, driving the circadian rhythm of MEL secretion. Since MEL is only secreted
at night, the duration of the MEL signal is directly proportional to the length of night, and
therefore inversely proportional to length of the day (Goldman, 2001, Reiter, 1993, Carter
and Goldman, 1983). The MEL signal transmits day length information to a variety of
neural and peripheral targets that express MEL receptors (Hazlerigg, 2012).
MEL binds to multiple target tissues in the Siberian hamster central nervous
system, including the SCN, the nucleus reuniens (NRe), and paraventricular thalamus
(PVT) (Freeman and Zucker, 2001). The precise roles that these multiple target tissues
play in seasonal timing remains unknown. Previous results indicate that MEL mediates
several aspects of the seasonal reproductive response in Siberian hamsters via the SCN,
NRe, and PVT (Teubner et al., 2008, Teubner and Freeman, 2007, Badura and Goldman,
1992). To date, the SCN is the only MEL target tissue that has been examined in the
context of seasonal changes in immunity in Siberian hamsters (Freeman et al., 2007).
MEL modulates selective photoperiodic enhancement and suppression of distinct
immune cells, tissues, and behaviors (Bilbo and Nelson, 2003, Bilbo and Nelson, 2002).
For example, the immunomodulatory effects of MEL added to Siberian hamster
lymphocytes in vitro were observed in lymphocytes from animals housed in long day
lengths, but not short days (Prendergast, Yellon et al., 2001). Baseline cytolytic killing
capacity of natural killer (NK) cells was twice as high in short day hamsters as compared
to those housed in long day conditions (Yellon et al., 1999). Furthermore,
pinealectomy—which effectively eliminates reproductive and somatic responses to
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photoperiod (Wen et al., 2007, Vitale et al., 1985, Yellon and Goldman, 1984)—
abolishes the increases in leukocyte, lymphocyte, and T-cell numbers that would
otherwise occur for pineal-intact Siberian hamsters under short day conditions (Wen et
al., 2007). Taken together, these data indicate that circulating MEL mediates at least
some of the shifts in day length-dependent immune activity. While the mechanism of
action underlying the effects of pineal MEL on immune function is not yet fully resolved
(Wen et al., 2007), it is clear that MEL does play a necessary role in photoperiodic
regulation of the immune system (Prendergast et al., 2003). The studies above highlight
the need to specify the roles of the other central MEL targets, as well as additional
neuroendocrine components, that comprise the pathway through which MEL impacts
immunity.
While photoperiod plays an important role in modulating the immune response,
other environmental and endogenous stimuli also influence immunity. Stress activation of
the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic nervous system
results in multiple robust alterations in immune function (Padgett and Glaser, 2003).
Glucocorticoids (GC) have long been implicated in regulating the immune system and
activating the HPA axis can result in both immunosuppression and immunoenhancement
(Dhabhar, 2009). The target tissue(s) that subserve MEL’s regulation of the stress
response remain unknown. The ability of the HPA axis to alter immune function provides
another pathway by which photoperiod and MEL may alter immunity (Weil et al., 2015).
The PVT is an important part of the neural circuit by which certain environmental
cues alter stress responsiveness (Kirouac, 2015, Bhatnagar et al., 2002, Bhatnagar and
Dallman, 1998). The PVT projects to various subcortical areas of the brain (Kirouac,
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2015), including the amygdala (Li et al., 2014). The amygdala, in turn, modulates activity
of the HPA axis via direct and indirect action on the hypothalamus (Weidenfeld et al.,
2005). Interestingly, the PVT also projects to other regions of the brain involved in
autonomic and behavioral expressions of fear and stress (Kirouac, 2015, Li et al., 2014).
Furthermore, the PVT also impacts other negative emotional states, including anxiety (Li
et al., 2014). Fear, stress, and anxiety all affect vertebrate immune function (Morey et al.,
2015, Moons et al., 2010, Stankowich and Blumstein, 2005, Segerstrom et al., 1999).
MEL is a principal mediator of photoperiodic changes in immunity; however, the
mechanisms by which MEL alters immune function have not been fully characterized.
Furthermore, the role of the PVT— a nucleus involved in the communication of both
photoperiod and stress — has not been characterized in the context of mediating immune
function. Thus, the goal of the present study was to clarify the neuroendocrine pathway
underlying photoperiodic regulation of stress and immunity. The PVT is a central MEL
target that also influences the HPA axis. Given that HPA activity determines GC release,
and that GCs modulate immunity, we hypothesized that the PVT plays a significant role
in the seasonal regulation of both stress and immunity in Siberian hamsters.

2. MATERIALS AND METHODS
2.1 Animals and housing
Male Siberian hamsters (Phodopus sungorus) (N = 48) were obtained from the
University of Memphis breeding colony. Hamster pups were weaned at 18-21 days of
age, after which they were housed in polypropylene cages (28 × 17 × 12 cm) with samesex siblings (2-5 animals per cage). Cages contained wood-shavings bedding (Teklad
12

Sani-chips 7090, Envigo), and animals were given ad libitum access to food (Teklad
Rodent diet 8640, Envigo, Madison, WI) and filtered tap water. Ambient temperature in
the room was maintained at 21°C ± 0.5, and relative humidity at 50 ± 2%. All hamsters
were exposed to a 16:8-hr light-dark cycle (long day [LD]; lights off at 1800 Central
Standard Time) until 3-6 months of age. Upon reaching 3-6 months, all hamsters were
separated and individually housed. Hamsters were randomly assigned to treatment
groups. Following surgical procedures, 24 hamsters were transferred to a room with
identical conditions, but with a 10:14-hr light-dark cycle (short day [SD]; lights off at
1800 Central Standard Time; Figure 1).

2.2 Lesion generation
Surgery was performed under deep anesthesia induced by a ketamine cocktail (21
mg ketamine, 2.4 mg xylazine and 0.3 mg acepromazine/ml injected IP in a dose of 0.34
ml per 100 g body mass) and supplemented as needed with isoflurane vapors. Lesions
aimed at the PVT were made using a Radionics Model RFG-4 A Research RF Lesion
Generator system (Radionic, Burlington, MA; model RFG-4A). Half of the individuals in
each photoperiod group (N = 12 LD, N = 12 SD) were subjected to PVT ablation (PVTx;
Figure 1). Current was delivered with an electrode tip temperature of 80˚C for 15 seconds
per lesion (coordinates: incisor bar set at +0.1 mm above the interaural line, 1.2 mm
posterior to bregma, 0.0 mm from midline, 5.3/5.2 mm below the skull; (Purvis and
Duncan, 1997). The remaining hamsters underwent sham ablations (Figure 1) in which
the electrode was placed 0.3 mm above the tissue, but no current was passed.
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Figure 1.

Week 0

Week 5

Week 7

•BM and ETV
measures*
•Surgery: 24 PVTx,
24 Sham
•LD: 12 PVTx,
12 Sham
•SD: 12 PVTx,
12 Sham

•Blood sampling
•WBC count
•Bactericidal
capacity assay

•Restraint stress test
•Blood sampling
•WBC count
•Cortisol ELISA
•Study termination
•PTM measures
•Lesion verification

Figure 1. Study design. BM: body mass, ETV: estimated testes volume, PVTx: PVTablation, LD: long day photoperiod, SD: short day photoperiod, WBC: white blood cell,
PTM: paired testes mass. *BM and ETV measures were taken once weekly for the
duration of the study.

2.3 White blood cell count
On Week 5 of the study, all hamsters were lightly anesthetized (3% isoflurane and
medical oxygen at a flow rate of 3 L/min) and blood samples were collected from the
right retro-orbital sinus, according to methods previously described (Prendergast et al.,
2003). Subject handling was kept to a minimum (<1 min) in order to minimize stress, and
blood collection was performed in a room separate from the general hamster colonies.
Immediately after collection, blood samples were analyzed using an automated
hematology analyzer (VetScan HM5, Abaxis Diagnostics, Union City, CA) to obtain
WBC count. The leukocytes measured were lymphocytes (LYM), monocytes (MON),
and neutrophils (NEU). For ease of reference, leukocyte numbers and bacterial killing
activity will be jointly referred to as “immune function” throughout.
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2.4 Bactericidal capacity assay
Blood samples collected on Week 5 were also used to perform a bactericidal
capacity assay. Following blood collection, samples were centrifuged, and plasma was
collected and stored at -80°C until performance of the assay. The assay followed methods
previously described (Fonken et al., 2012). Briefly, plasma samples were diluted 1:20 in
a cell culture media composed of CO2-independent media and L-glutamine (Gibco,
Carlsbad, CA). A standard number of E. Coli colony forming units (CFU) (Epower
0483E7; Fisher Scientific, Pittsburgh, PA) were added to the diluted plasma, incubated
for 30 minutes at 37°C, and then 50 μl of the mixture was plated in triplicate on tryptic
soy agar plates. Positive and negative controls (diluted bacteria alone, and cell culture
media alone, respectively) were also plated in triplicate. Plates were inverted and
incubated at 37°C for 24 hours. Total CFUs were immediately counted and bacterial
killing ability was quantified as a percentage of the positive controls.

2.5 Restraint stress test and cortisol measurement
To measure differences in immune response to stress, all hamsters were subjected
to a restraint stress test on Week 7. The restraint stress test is a psychological, simulated
stressful experience (Bilbo, Dhabhar et al., 2002, Dhabhar and McEwen, 1996) in which
the animal is confined to a ventilated space that limits significant movement. Briefly,
animals were individually placed into plastic restraint tubes (8.9 x 3.8 x 3.8 cm), and
lightly anesthetized with isoflurane and bled from the retro-orbital sinus at three time
points (0, 10, and 120 minutes). Handling was limited to <2 minutes per sampling, and
animals were returned to their respective cages following the 120-minute collection.
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Blood samples were used to conduct a WBC count (as described above). Blood plasma
was also used in an enzyme-linked immunosorbent assay (ELISA) for determination of
plasma cortisol (CORT) concentrations. Commercial ELISA kits (DetectX Cortisol
Enzyme Immunoassay Kit, Assay Designs, Ann Arbor, MI) that have been previously
validated for use in Siberian hamsters were used to determine circulating CORT levels
(Zysling et al., 2009, Greives et al., 2008, Demas et al., 2004). Cross-reactivity for this
assay is 18.8% for dexamethasone, 7.8% for prednisolone, 1.2% for corticosterone and
cortisone, and <0.1% for progesterone, estradiol, and cortisol 21-glucuronide. The assay
has a 27.6 pg/ml sensitivity and 45.4 pg/ml limit of detection for cortisol. Samples were
prepared according to the product protocol and plated in triplicate. All samples were
above the limit of detection, and intra-assay variation was less <15% for all samples.

2.6 Testicular and body mass measurements
Estimated Testes Volume (ETV) was used to assay the hamsters’ response to
photoperiod (Freeman et al., 2007). ETV was calculated by multiplying testis length by
the width squared. Beginning on Week 0, measurements were taken using analog
calipers, while animals were under light anesthesia (3% isoflurane and medical oxygen at
a flow rate of 3 L/min). ETV (mg ± 0.01 mg) and body mass (BM; g ± 0.01 g)
measurements were recorded at regular intervals throughout the study. A reduction in
≥30% ETV by Week 7 was classified as gonadal regression. Testes were surgically
removed and weighed at the termination of the study for final determination of paired
testes mass (PTM). For ease of reference, all testes measurements (both ETV and PTM)
will be jointly referred to as PTM.
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2.7 Histology
At the conclusion of the study, brains were collected for histological verification
of lesion location (Freeman et al., 2007). Hamsters were euthanized via carbon dioxide
overdose. Brains were postfixed before cryoprotection for 2-3 days. Coronal sections
were obtained by slicing the brains on a freezing microtome at 40 μM. The sections were
mounted on slides, stained with cresyl violet, and examined microscopically by two
individuals who were unaware of the treatment group for verification of lesion location.
All procedures were approved by the Animal Care and Use Committee of the University
of Memphis (Protocol #815).

2.8 Statistical analyses
Data were analyzed using JMP (JMP Pro v.14.1, SAS Institute Inc., Cary, NC,
USA). Analysis of Variance (ANOVA) was performed on Week 5 WBC and CFU data.
Week 7 WBC and CORT data were analyzed using repeated measures ANOVA.
ANOVAs were two-factor design (photoperiod x treatment) and we used two-tailed tests
with the significance set at p = 0.05. For multiple comparisons. Post-hoc analyses using
Tukey’s HSD was performed to identify significant differences between groups, where
relevant. Bonferroni corrections were used when appropriate. Additionally, CFU were
regressed against PTM, WBC, and CORT to analyze the relationship between seasonal
immunity, stress and physiology. Blood samples were excluded from statistical analyses
if values for one or more measures were missing following hematology analysis.
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3. RESULTS
3.1 Testicular and body mass measures
Changes in PTM were dependent on photoperiod (F1,47 = 73.62, p < 0.001; Figure
2A): hamsters exposed to SD had significantly smaller testes on Week 7 than those
housed in LD, regardless of PVT status (t = 8.58, p < 0.001). Changes in BM were also
dependent on photoperiod (F1,47 = 16.85, p < 0.0012; Figure 2B): hamsters exposed to
SD lost significantly more BM than those in LD, independent of PVT status (t = 4.1, p <
0.001).

3.2 Histology
Representative brain lesions are illustrated in Figure 3. The lesions were restricted
to the PVT and included little to no damage to adjacent structures (i.e., habenula, stria
medullaris or mediodorsal thalamic nucleus).
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Figure 2.
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Figure 2. Changes in PTM (A) and BM (B) on Week 0 versus Week 7. SD animals had
significant reduction in PTM and BM on Week 7. * p < 0.001. Neither BM nor PTM
differed as a function of PVT status by Week 7 (p = 0.29, and p = 0.890, respectively).
PTM: paired testes mass, BM: body mass, LD: long day, SD: short day.
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Figure 3.
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Figure 3. A: Drawing of the PVT at the anterior (−0.2 mm), middle (−0.9 mm), and
posterior (−1.8 mm) levels relative to bregma. Gray shading depicts the approximate
location of the lesions at each level. AD, anterodorsal thalamic nucleus; AM,
anteromedial thalamic nucleus; AV, anteroventral thalamic nucleus CL, centrolateral
thalamic nucleus; CM, central medial thalamic nucleus; DV3, third ventricle; AM,
anteromedial thalamic nucleus; CM, central medial thalamic nucleus; Hb, habenular
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nucleus; IMD, intermediodorsal thalamic nucleus; LDm, laterodorsal thalamic nucleus;
LHb, lateral habenular nucleus; MD, mediodorsal thalamic nucleus; MHb, medial
habenular nucleus; PC, paracentral thalamic nucleus; PT, paratenial thalamic nucleus;
PVt, paraventricular thalamic nucleus; Re, reuniens thalamic nucleus; sm, stria
medullaris of the thalamus. B: Representative coronal section depicting ablation of the
hamster PVT, * denotes ablation location.

3.3 White blood cell count: Week 5
Total circulating WBC numbers were dependent on photoperiod; thus, SD housed
hamsters exhibited an increase in WBC as compared to hamsters housed in LD on Week
5 (F1,45 = 6.42, p = 0.015; Figure 4A). This was also true for LYM and MON (F1,45 = 7.08,
p = 0.011, and F1,45 = 14.16, p = 0.001, respectively; Figure 4B,C). Leukocyte numbers
also differed as a function of PVT status: PVTx resulted in lower levels of MON as
compared to the sham group (F1,45 = 6.53, p = 0.014). NEU numbers did not vary as a
function of photoperiod or PVT status (F1,45 = 3.47, p = 0.070, and F1,45 = 0.43, p = 0.514,
respectively; Figure 4D). Neither total circulating WBC, nor any WBC subtypes, were
significantly affected by the interaction of photoperiod and PVT status. See Table 1 for
full results of Week 5 WBC.
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Figure 4.
A.

B.
PVTx
Sham

10
5

10
8
6
4
2
0

0

LD

LD

SD

SD

D.
1

________
*

0.8
0.6

*

0.4

2

NEU (# x 109)

C.
MON (# x 109)

_______

12

_______
LYM (# x 109)

Total WBC (# x 109)

15

1.5
1

0.5

0.2

0

0

LD

LD

SD

SD

Figure 4. Differences in WBC across treatment and photoperiod at Week 5 of the
experiment. A: total white blood cells (WBC), B: lymphocytes (LYM), C: monocytes
(MON), D: neutrophils (NEU). ––– SD > LD (p ≤ 0.015). * Sham > PVTx (p = 0.014).
PVTx: PVT-ablated, LD: long day, SD: short day.

3.4 White blood cell count: Week 7
Time of restraint determined the number of certain circulating WBC. There was
an overall decrease in total WBC over the 120-minute sampling period (F2,80.8 = 51.81, p
< 0.001). Both LYM (F2,80 = 52.36, p < 0.001) and MON (F2,86.5 = 8.69, p < 0.001)
decreased over time, but NEU did not (F2,84.9 = 3.00, p = 0.06). Leukocyte numbers were
not dependent on PVT status or photoperiod (see Supplementary Figure 1, and
Supplementary Table 1 for all Week 7 WBC results).
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There was a significant difference between the rates of total WBC decrease,
versus red blood cell (RBC) decrease over time (F2,162.3 = 13.31, p < 0.001). As compared
to baseline, total WBC decreased significantly more as compared to RBC (RBC numbers
decreased by 14.4% [T0 to T10] and 13.2% [T10 to T120]; WBC numbers decreased by
35.1% [T0 to T10] and 43.4% [T10 to T120]). This result indicates that changes in WBC
levels were not an artifact of total blood loss.
Table 1.
Effect

F-value

P-value

Photoperiod
Treatment
Photoperiod x Treatment

6.42
0.00
0.88

0.015†
0.982
0.354

Photoperiod
Treatment
Photoperiod x Treatment

7.08
0.15
1.48

0.011†
0.700
0.231

Photoperiod
Treatment
Photoperiod x Treatment

14.16
6.53
0.55

0.001†
0.014ǂ
0.461

Photoperiod
Treatment
Photoperiod x Treatment

3.47
0.43
0.66

0.070
0.514
0.420

Total WBC

LYM

MON

NEU

Table 1. Effects of treatment and photoperiod on WBC counts (Week 5). For all F-values:
DF = 1, 45. Boldface values are significant. †: SD > LD (WBC: t = -2.53, LYM: t = 2.66, MON: t = -3.76). ‡: Sham > PVTx (t = -2.55). WBC: white blood cells, LYM:
lymphocytes, MON: monocytes, NEU: neutrophils.
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3.5 Bactericidal capacity assay
Bacterial killing differed significantly between groups (F3,44 = 3.22, p = 0.032;
Figure 5). SD-Sham plasma killed more bacteria than all other groups. Planned
comparisons indicated that SD-Sham killed significantly more bacteria than SD-PVTx
(Bonferroni, p = 0.008), whereas no significant difference existed between LD-Sham and
LD-PVTx (p = 0.634). This indicates that bactericidal capacity is dependent on both PVT
status and photoperiod.

Figure 5.
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Figure 5. Mean bacterial colony forming units resulting from the plasma bactericidal
capacity assay. CFU: colony forming units, PVTx: PVT-ablated, LD: long day, SD:
short day. Groups labeled with different letters (A, B) differ significantly (p ≤ 0.021).
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3.6 Restraint stress test and cortisol measurement
Whereas baseline (T0) circulating CORT did not differ among groups (F3,47 =
2.10, p = 0.114), CORT response over time was dependent on PVT status (F2,91.3 = 5.87, p
= 0.004). Post-hoc analyses indicate that the CORT response was attenuated in PVTx
hamsters exposed to the stress test at 10 and 120 minutes as compared to sham ablated
hamsters in both long and short photoperiod (T10: t = -4.93, p < 0.001, and T120: t = 3.42, p = 0.001; Figure 6A). Further, the pattern of the CORT response differed between
LD and SD hamsters (F2,90.5 = 8.02, p < 0.001; Figure 6B): both groups exhibited a
similar increase from T0 to T10, but only the SD hamsters increased significantly at time
120 (t = -4.19, p < 0.001). In sum, these CORT results suggest that the relationship
between photoperiod, stress, and the PVT is complex.
Although not significant (at the α = 0.05 level), there was a trending three-way
interaction between treatment, photoperiod, and time (F2,87 = 2.59, p = 0.079; Figure 6C).

3.7 Bacterial killing: Relationship to testes size, neutrophils, and cortisol
Our data suggest several relationships between bacterial killing capacity,
immunity, and physiology. First, we found a significant correlation between mean CFU
and the percent of change in PTM (F1,47 = 12.19, p =0.001, r2 = 0.213; Figure 7A),
whereby bacterial killing increased in parallel with decreasing PTM. This suggests that
the SD-like bacterial killing capacity may be related to decreased testosterone levels
(though we did not measure testosterone directly, PTM serves as a proxy for testosterone
secretion, as gonadal regression in Siberian hamsters is accompanied by a decrease in
plasma testosterone concentration to basal levels [Jasnow et al., 2000]).
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Figure 6.
A.

B.
300

300

*

Sham

250

250

*

200

CORT (ng/ml)

CORT (ng/ml)

LD
SD

PVTx

150
100

*

200
150
100
50

50

0

0
0

10
Time (min)

0

120

10
Time (min)

120

C.
350
LD-PVTx
SD-PVTx
LD-Sham
SD-Sham

CORT (ng/ml)

300
250
200
150
100
50
0
0

10
Time (min)

120

Figure 6. CORT secretion over time: effect of treatment (A) and photoperiod (B). Though
not significant, the three-way interaction of treatment, photoperiod, and time (C) was
trending. * p ≤ 0.001. CORT: cortisol, PVTx: PVT-ablated, LD: long day, SD: short day.

Bacterial killing was also significantly correlated with NEU numbers. On Week 5,
increased bacterial killing (i.e. decreased CFU) was positively correlated with NEU (F1,45
= 4.06, p = 0.050, r2 = 0.085; Figure 7B). This same relationship existed for bacterial
killing and NEU at T120 on Week 7 (F1,40 = 4.68, p = 0.037, r2 = 0.105). This suggests
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that increased NEU numbers, and therefore more NEU activity, are perhaps necessary to
maintain the SD-like bacterial killing phenotype, although this system was not explored
in the present study.
Finally, we found a relationship between bacterial killing and CORT response
(F1,45 = 10.22, p = 0.003, r2 = 0.192). At T120 of the restraint stress test, elevated levels
of CORT were positively correlated with bacterial killing (i.e. decreased CFU). We did
not investigate the specific actions of GC on cells or factors relating to complementmediated immunity. However, our results suggest that is some form, GC enhance
bacterial killing in SD animals.

Figure 7.
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Figure 7. CFU vs PTM (A) and NEU (B). Bacterial killing ability correlated with
decreasing PTM (r2 = 0.213, p = 0.001), as well as increasing Week 5 NEU (r2 = 0.085, p
= 0.003). CFU: colony forming units, PTM: paired testes mass, NEU: neutrophils.
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4. DISCUSSION
While seasonal rhythms in stress responsiveness and immunity have been well
documented, the neural circuit(s) underlying these rhythms remain largely unidentified.
Based on neuroanatomical connections, an established role in stress physiology, and its
role as a MEL target, we hypothesized that the PVT is central to the seasonal regulation
of stress and immunity. Our results support this hypothesis and indicate a number of
significant relationships among the PVT, photoperiod, stress, and immunity. Ablating the
PVT completely blocked the typical short-day dependent increase in bacterial killing
capacity. The results also revealed photoperiod-dependent alterations in numbers of
circulating LYM and MON, with the MON response also being dependent on PVT status.
Additionally, the results reveal a role for the PVT in the seasonal pattern of CORT
secretion. Lastly, the results exposed significant relationships between bactericidal
capacity and testis size as well as neutrophil numbers. Thus, bactericidal capacity,
circulating CORT, and MON and LYM numbers were all dependent on both photoperiod
and PVT status. It remains possible that the PVT is part of a circuit that mediates MELdependent changes in immunity and stress. However, though the SCN is involved in
some behavioral immune responses, it did not mediate MEL-dependent changes in
leukocyte numbers (Freeman et al., 2007); meanwhile, a role for the NRe has not been
explored. Furthermore, an inherent risk in ablation studies leaves the possibility that our
ablations interrupted fibers of passage that may be involved in regulation of stress and
immunity.
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4.1 Photoperiod and immunity
Seasonal shifts in immune responses are largely mediated by pineal MEL
signaling (Walton et al., 2011). Although MEL is typically immunoenhancing in
laboratory rodents (Carrillo-Vico et al., 2005), MEL also inhibits certain immune
responses (Baillie and Prendergast, 2008, Wen and Prendergast, 2007). Thus, seasonal
regulation of immune response is ultimately specific to the arm of the immune system,
the cells involved, and the traits expressed (Stevenson and Prendergast, 2015, Martin et
al., 2008, Nelson, 2004). Furthermore, while MEL can act directly on some immune
tissues (Walton et al., 2011, Poon et al., 1994, Maestroni et al., 1986) communication
between the pineal gland and the immune system is bidirectional, thus introducing
additional layers of signaling and control (Weil et al., 2015, Markus et al., 2013, da
Silveira Cruz-Machado et al., 2010, Fernandes et al., 2006).
Multiple neuroendocrine factors and physiological systems also impact immunity.
Stress, activation of the HPA axis, and the consequent release of GC modulate immune
responses (Weil et al., 2015, Bilbo and Nelson, 2003, Dhabhar, 2002). In contrast to
previous results in which activation of the HPA axis was differentially modulated by
photoperiod (Wen et al., 2007, Pyter et al., 2007, Ronchi et al., 1998), there was no
significant difference in baseline CORT between long and short day housed hamsters;
this is likely related to the methods employed in the current experiment in which
hamsters were subjected to surgery prior to obtaining GC measures. Previous results
indicate that short photoperiods alter CORT receptor expression (Pyter et al., 2007,
Ronchi et al., 1998) and cytokine production (Wen and Prendergast, 2007, Bilbo, Drazen
et al., 2002).
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4.2 Stress and immunity
The exact mechanisms by which photoperiod and GC modulate immune function
are not fully resolved. Although GC are only one of multiple proximate modulators of
photoperiodic adjustments in immunity (Walton et al., 2011), the stress response has been
shown to play a significant role in both enhancing and suppressing immunity (Dhabhar,
2002). In brief: the vertebrate stress response, via release of GC, promotes release of
energy stores, allowing animals to meet the energy demands required by acute stressors
(Martin et al., 2008), thus aiding in survival in the face of immediate challenges. The
stress response has been historically categorized as broadly immunosuppressive
(Sapolsky et al., 2000) as suppression of an energetically-costly immune response would
instead allow for redirection of energy towards more immediate survival activities
(Martin et al., 2007). However, this hypothesis, along with similar hypotheses positing
conservation or redirection of resources, imply that an organism would suppress a system
that evolved to boost survival in the first place (Dhabhar, 2014, Martin, 2009). Therefore,
rather than universal suppression or enhancement, mediation of immune activity is likely
context-dependent (Dhabhar and McEwen, 1999).
Because the relationship between stress and immunity likely evolved as an
adaptive mechanism to promote survival (Dhabhar, 2014), it follows that the timing
(Martin, 2009) and degree of stress hormone modulation (i.e., enhancement or
suppression; (Dhabhar, 2009) are both critical parameters in regulating immune
activation.
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4.3 Role of the PVT in regulating stress and immunity
The PVT is of interest because it is a MEL target tissue, and because of its known
role in mediating immune responses to stressors (Bhatnagar et al., 2002). Identifying the
role of central MEL targets is a critical piece in characterizing neuroendocrine control of
seasonal changes in immunity. We hypothesized that the PVT mediates seasonal
regulation of immune function and stress. Our results support a role for the PVT in
modulating immunity via stress: the results indicate that MEL acting at the PVT alters
both GC secretion and bactericidal capacity. Furthermore, our results suggest that
seasonally appropriate levels of circulating leukocytes are dependent on the presence of
the PVT. These results clarify the neural pathway by which photoperiod alters stress and
immunity.
Our Week 5 WBC results are consistent with previous findings that short day
lengths attenuate immune cell responses and sickness behavior (Weil et al., 2015, Pyter et
al., 2007, Prendergast et al., 2007, Pyter et al., 2005, Bilbo et al., 2002). Our Week 7
WBC results indicate that the decreases in leukocytes are not an artifact of blood loss;
rather, the decrease likely represents a redistribution of leukocytes out of the circulation,
and into specific tissues throughout the body in preparation for an immune challenge
(Dhabhar, 2014, Bilbo et al., 2002). The augmentation and effective redistribution of
leukocyte numbers allows animals to be better protected against infection during the
more stressful, low-resource conditions of winter.
Our bactericidal capacity assay results indicate that the PVT modulates bacterial
killing via complement system activity: plasma from the sham-operated controls in SD
killed significantly more bacteria than plasma from sham-operated hamsters housed in
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LD. Most importantly, ablating the PVT completely blocked this SD-dependent increase
in bacterial killing efficacy, while the same ablation did not alter LD bacterial killing as
compared to sham-operated LD controls. Thus, a functional PVT is necessary for the
typical SD-like bacterial killing phenotype, as ablating the PVT completely abolished this
effect.
We also found a moderate, though significant, correlation between numbers of
NEU on Week 5 and bactericidal capacity. Aside from being the first responders to
wounding and inflammation (Bilbo et al., 2002), NEU are also the primary producers of
anti-microbial peptides, such as defensin proteins (Peyrin-Biroulet et al., 2010).
Defensins target microbial membranes and create pores, thus increasing permeability and
inducing bacterial lysis (Kopp et al., 2015). This system is the alternative pathway of the
complement system. The bactericidal capacity assay used in this study measures
alternative complement activity. Complement activation is the body’s first line of defense
against infectious agents (Kemper and Hourcade, 2008). Not only is the alternative
complement pathway activated by NEU, but the release of complement proteins also
amplifies the NEU proinflammatory response (Camous et al., 2011). It is possible that
NEU numbers would have declined after more than seven weeks in a short photoperiod.
However, the maintenance of Week 7 NEU numbers during times of stress makes
evolutionary sense, ensuring that adequate levels of NEU are readily available to induce
immediate complement defense in case of infection.
Our results uncover a role for the PVT in mediating photoperiod-dependent stress
responsiveness. The results indicate both PVT-dependent and -independent pathways in
photoperiodic regulation of CORT. These results suggest that MEL acts through the PVT
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to mediate GC release, which then likely affects immune responsiveness, but that a PVTindependent pathway may also exist through which day length/MEL impacts GC
secretion and immunity. Given the roles of the PVT in stress and immunity, it is plausible
that the PVT mediates seasonal alterations in bactericidal capacity at least in part through
seasonal regulation of GC. Interestingly, taken altogether the present results are
consistent with a model whereby MEL acting at the PVT alters bacterial killing through
changes in GC secretion that ultimately alter either NEU number or activity. Such a
model would result in an increase in the release of defensins from NEU to determine
bacterial killing efficacy. Support for this model derives from previous results in which it
was established that treatment with GC enhances bactericidal capacity of bovine
neutrophils (Weber et al., 2006). In the present experiment, despite a significant
difference in SD-Sham killing ability, we did not see significant differences in NEU
numbers of Week 5 plasma, though there may have been differential “activation” of NEU
(i.e. activation of genes involved with antimicrobial defenses) elicited by higher CORT,
rather than differences in of NEU numbers.
Finally, we found a moderate, though significant, correlation between PTM and
bacterial killing. Sex steroids can have differential effects on immune function: whether
they are immuno-enhancing or -suppressive depends on the immune measure
(Prendergast et al., 2007, Bilbo et al., 2002, Prendergast, Kriegsfeld et al., 2001, Yellon et
al., 1999) among other factors (Weil et al., 2015). It is therefore possible that decreased
testosterone enhances complement-mediated bacterial killing in Siberian hamsters. It is
not clear based on the present results if testosterone affects bacterial killing capacity,
though it is possible that testosterone either directly affects bacterial killing, or that it acts

33

indirectly (i.e. by enhancing NEU activity, thus boosting production of the anti-microbial
peptides involved in complement-mediated bactericidal capacity).
Ultimately, the relationship between photoperiod, immunity, and stress is
complex, including multiple feedback loops, and a variety of both internal and external
factors that all potentially impact physiology and behavior. The present study begins to
clarify the neuroendocrine pathways underlying this system. Our current findings are the
first, to our knowledge, to identify the PVT as part of the neural pathway by which MEL
alters stress and immunity.

5. CONCLUSION
Photoperiod is the overarching conductor mediating the interplay of seasonal
physiological systems, such as stress and immunity. In the present study, we have further
clarified the connection between photoperiod, stress, and immunity by identifying a
major component of the central neuroendocrine pathway that mediates this relationship.
The PVT is a target at which information about photoperiod is received, processed, and
then communicated to other targets, thereby driving the adoption of appropriate seasonal
phenotypes with regard to stress physiology and immunity.
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1. INTRODUCTION
The gut microbiota—defined as the community of microorganisms within the
gastrointestinal tract1,2 — has become an increasingly important area of research, as
studies have shown that the microbiota plays significant roles in a variety of host
behavioral and physiological processes.3-5 The gut microbiota may have multiple
beneficial effects associated with metabolism and immune function4-6 but has also been
linked to pathological conditions including inflammatory and immunological diseases,
especially when in a dysbiotic state.7 An increasing number of studies suggest that shifts
in gut microbial community structure can lead to pathogenicity,8-10 and affect host
metabolism.11 Gut microbiota activity has also been linked to mammalian host behavior,
including impacts on exploratory and motor behavior,12-14 depression,5,15 anxiety,6,16-18
social interactions,19-22 aggression,23,24 and diet choice.25,26 The microbiota can be altered
by changes in either endogenous factors related to the host (such as stress1), or exogenous
environmental factors (such as photoperiod23,27).
The mechanisms by which gut microbiota communicate with their hosts are not
well resolved, but appear to include both humoral (e.g. neurotransmitters secreted by gut
microbes), as well as direct neural signaling via the vagus nerve.2,4,13,28-31 Though many
studies have focused on microbial regulation of host physiology and behavior,2,5,6,31-33
there has been less focus on host regulation of the gut microbiota. The gut community
appears to be sensitive to multiple signals from the host— including immune system
signals34 and stress hormones31,35,36 — as well as environmental signals such as diet37,38
and photoperiod.23,27,39
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To understand the relationship between environment, host, and microbiota, it is
necessary to determine the role of photoperiod on the profile of the gut community. A
robust role for photoperiod in regulating both the hypothalamus-pituitary-adrenal (HPA)
axis and the immune system has already been established in Siberian hamsters.40-44 Given
that the gut microbiota is closely tied to immune function and impacts neural function to
regulate behavior and physiology, it is critical to understand the effects of photoperiod on
the microbiota and to characterize the mechanisms underlying these relationships.
Siberian hamsters (Phodopus sungorus) are photoperiodic mammals that display
robust seasonal changes in behavior and physiology, including responses of pelage
color,45 body mass,46 immune function,33 reproduction,47 and aggression.48 These
seasonal changes are largely driven by the pattern of melatonin (MEL) release from the
pineal gland.49 MEL is produced by the pineal gland and is only secreted at night. The
duration of MEL secretion is therefore directly proportional to length of night. In long,
summer-like days, the duration of MEL is short, whereas in short, winter-like days, the
duration of MEL is longer. The MEL signal communicates photoperiod information to a
variety of targets throughout the body and brain.50 As such, day length—and ultimately
the time of year information—is encoded endogenously by rhythmic pineal MEL
secretion.51 Removal of the pineal gland (pinealectomy) abolishes many of the seasonal
responses to photoperiod in Siberian hamsters, leaving intact those seasonal changes that
are instead likely directly dependent on seasonal changes in circadian entrainment.50
This study investigates the role of the pineal gland in mediating the profile of the
gut microbiota. Data from previous studies23,27 indicates that the relative abundances of
certain intestinal bacteria differed for Siberian hamsters housed in long versus short day
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lengths. This suggests that the gut microbiota responds to changes in photoperiod. Given
that pineal MEL encodes information about photoperiod, we hypothesized that the pineal
gland may play a role in determining the seasonal composition of the gut microbiota.
Alternatively, seasonal changes in the gut microbiota may be among the limited number
of seasonal responses that are pineal-independent.50,52

2. METHODS
2.1 Animals and housing
Male Siberian hamsters (Phodopus sungorus) (N = 40) were obtained from the
University of Memphis breeding colony. Hamster pups were weaned at 18-21 days of
age, after which they were housed in polypropylene cages (28 × 17 × 12 cm) with samesex siblings (1-5 animals per cage). Cages contained wood-shavings bedding (Teklad
Sani-chips 7090, Envigo, Madison, WI, USA) and shredded paper nesting material, and
animals were given ad libitum access to food (Teklad Rodent diet 8640, Envigo,
Madison, WI, USA) and filtered tap water. Ambient temperature in the room was
maintained at 21°C ± 0.5, and relative humidity of 50 ± 2%. All animals were exposed to
a 16:8-hr light-dark cycle (long day [LD]; lights off at 1800 Central Standard Time) until
3-4 months of age. Upon reaching 3-4 months, all animals were separated and
individually housed within the same room. Following surgical procedures, 20 animals
were transferred to a room with identical conditions, but with a 10:14-hr light-dark cycle
(short day [SD]; lights off at 1800 Central Standard Time).
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2.2 Procedures
2.2.1 Surgical Procedures
20 male hamsters (3-4 months of age), were pinealectomized (PinX) and an additional 20
hamsters underwent sham pinealectomy (treatments were randomly assigned). Briefly,
each PinX animal underwent stereotaxic surgery in which the pineal gland was
removed.49 Sham pinealectomy operations involved cranial exposure but the pineal gland
was not removed.
Following surgery, animals were randomly assigned into one of four treatment
groups: LD-PinX (LDP), LD-Sham (LDS), SD-PinX (SDP), and SD-Sham (SDS).
Hamsters in the LD groups (N = 10 PinX, N = 10 sham) remained housed in long day
conditions (16L:8D photoperiod). Hamsters in the SD groups (N = 10 PinX, N = 10
sham) were transferred to short-day conditions (10L:14D photoperiod).

2.2.2 Food Intake and Body Mass
Food was weighed weekly, three hours prior to the dark phase, for seven weeks postsurgery. Food hoppers were topped or re-filled every five days. Each hamster was
weighed (body mass in g ± 0.01 g) one week prior to surgery, as well as weekly for the
duration of the study.

2.2.3 Testicular Measurements
Estimated Testes Volume (ETV) was used to determine the response to photoperiod.53
ETV was calculated by multiplying testis length by the width squared. Beginning prior to
surgery (Week 0), testis measurements were obtained using analog calipers while animals
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were under light anesthesia (3% isoflurane and medical oxygen at a flow rate of 3 L/min).
ETV measurements were recorded weekly for the duration of the study. Testes were
surgically removed and weighed at the termination of the study for final determination of
paired testes mass (PTM). For ease of reference, all testes measurements (both ETV, as
well as PTM) will be jointly referred to as PTM. A reduction in ≥30% PTM by Week 8
was classified as gonadal regression.44,53 Animals that failed to exhibit ≥30% decreases in
testis size were classified as SD nonresponders and excluded from subsequent analyses.

2.2.4 Sample Collection
Fresh fecal samples were collected from each animal weekly (on Weeks 0, 2, 4, and 8), at
the same time (0900 Central Standard Time) and day of the week (Figure 1). We used a
repeated sampling approach to better understand timing of induced bacterial community
shifts with treatments. Terminal samples were collected on the last day of the eighth
week post-surgery. Samples were collected by removing animals from their home cage
and holding above a sterile container until fecal deposition. All pellets were transferred
aseptically into individual 1.5 mL microcentrifuge tubes and were stored at -80°C until
processing.24
All experimental procedures and husbandry were approved by the University of
Memphis Animal Care and Use Committee (Protocol # 815) and comply with the criteria
established by NIH Guide for the Care and Use of Laboratory Animals.
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Figure 1.

Week 0 (PreSurgery)
•Fecal sample
collection
•Measures:
ETV, BM,
Food intake

Week 0

Weeks 2, 4

Week 8

•Surgery: 20
PinX, 20 Sham
LD: 10 PinX,
10 Sham
SD: 10 PinX,
10 Sham

•Fecal sample
collection
•Measures:
ETV, BM,
Food intake

•Fecal sample
collection
•Measures:
PTM, BM,
Food intake
•Study
termination

Figure 1. Study and Sampling Design. ETV: Estimated Testis Volume, BM: Body Mass,
PinX: Pinealectomy, PTM: Paired Testis Mass.

2.3 DNA extractions and library preparation
Genomic DNA was extracted from 152 fecal samples (each sample = 2 – 4 fecal pellets
per animal) using Soil DNA Extraction Kits (IBI Scientific, Dubuque, IA, USA)
following the manufacturer’s protocol. DNA was quantified using a NanoPhotometer
N60 (Implen, München, Germany). To maximize sample intercomparability, DNA was
normalized to a 50 ng μL-1 working concentration prior to amplicon generation.
Bacterial amplicon libraries were generated by amplifying the 16S (V4) ribosomal
RNA (rRNA) region. The V4 region of the rRNA gene repeat was amplified in a two-step
process using the forward primer nexF-N[3-6]-515f, and the reverse primer nexR-N[3-6]806r.54-56 These forward and reverse primer constructs include: bacterial primers (515f
and 806r), Nextera forward (nexF) and reverse (nexR) sequencing primers, and four
identical primers comprised of ambiguous nucleotides mixed to equal molarity (N[3-6])
to increase sequence variation.
Libraries were constructed following Brown, et al.56 Primary PCRs were
conducted in triplicate, in 25 μL reactions consisting of 2 μL (100 ng) DNA template, 2.5
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μL of each forward and reverse primer (1.0 μM concentration), 12.5 μL 2X Phusion
Green Hot Start II High-Fidelity PCR Master Mix (ThermoFisher Scientific, Waltham,
MA, USA), and 8 μL molecular grade water. PCR parameters consisted of 98°C for 30 s,
25 cycles of 98°C for 20 s, 52.5°C annealing temperature for 30 s, 72°C for 40 s, and
final extension at 72°C for 10 min. All ramp rates were 1°C/s. Following primary PCR,
all samples were visualized using gel electrophoresis (1.5% agarose w:v in TBE).
Secondary PCRs were conducted in 25 μL reactions using 12.5 μL PCR Master
Mix (as above), 2.5 μL of primary PCR product was used as template DNA, 7.5 μL
molecular grade water, and 2.5 μL barcoded secondary primers. The secondary primers
consisted of forward primers including the P5-i5-overlap and reverse primers P7-i7overlap, where P5 and P7 represent the Illumina Adaptor sequences, i5 and i7 are 8 bp
unique barcodes (MIDs), and the overlap is the partial nexF and nexR sequence that acts
as the annealing site for the secondary PCR55. PCR parameters were 98°C for 30 s, 8
cycles of 98°C for 20 s, 50°C for 30 s, 72°C for 40 s, and final extension at 72°C for 10
min.56 The final amplicon constructs produced after 32 cycles were P5-i5-nexF-N[3-6]515f-V4-806r-N[3-6]-nexR-i7-P7. Following secondary PCR, all samples were
visualized using gel electrophoresis. A negative control consisting of molecular grade
water was used through extraction and library prep and remained visually free from
contamination throughout.
Secondary PCR products were cleaned using Axygen Axyprep Mag PCR beads
(Axygen Bioscience, Union City, CA, USA). Cleaning followed the manufacturer
protocol but was modified to use a 1:1 bead solution to reaction volume ratio.57 Cleaned
PCR products were quantified using Qubit 3.0 fluorometric assays (dsDNA HS Assay
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Kit; ThermoFisher Scientific, Waltham, MA, USA), and pooled to equal mass per
sample. This library was sequenced in a single run on Illumina MiSeq (300PE) at the
Kansas State University Integrated Genomics Facility (Manhattan, KS, USA). Paired
fastq files for all 152 samples were generated by using the unique combinations of i5 and
i7 sequences to demultiplex the raw sequence data (Supplementary Table 1). All
sequences are deposited in the Sequence Read Archive (SRA) at NCBI under the
following accessions: BioProject PRJNA641652, BioSamples SAMN15369034 SAMN15369184.

2.4 Bioinformatics
Sequence data were processed with the program mothur58 (RRID:SCR_011947;
http://www.mothur.org), generally following the MiSeq SOP59 with modifications. The
forward and reverse sequences were contiged, screened, and culled to remove sequences
with ambiguous bases or sequences with more than 10 homopolymers. Sequences were
then merged into a single fasta file, and primers were trimmed using the program
Cutadapt60 (v.2.8; RRID:SCR_011841; http://code.google.com/p/cutadapt). Retained
sequences were aligned against the SILVA reference alignment (release 132;
RRID:SCR_006423; www.arb-silva.de) and off-target sequences were filtered and
excluded. Sequences were preclustered61 and screened for chimeras (VSEARCH)62
utilizing implementations within mothur. Sequences were taxonomically classified using
a Naïve Bayesian Classifier63 against the RDP training set (bacteria; v.10;
RRID:SCR_006633); non-bacterial lineages were culled and distance matrices (not
punishing terminal gaps) were generated. Sequences were clustered into operational
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taxonomic units (OTUs) using OptiClust at a 97% similarity threshold.64 Taxonomic
identifications for each OTU were assigned based on the most representative sequence
(centroid). To reduce the potential of inclusion of suspect or non-informative OTUs, we
culled OTUs with fewer than 10 sequences globally.65,66 OTUs that did not have 100%
bootstrap support at the phylum level were confirmed manually using BLASTn (NCBI;
RRID:SCR_001598; http://blast.ncbi.nlm.nih.gov/Blast.cgi) against GenBank (nr/nt). We
utilized iterative subsampling (1000 iterations) to calculate relative OTU richness (Sobs),
Diversity (Compliment of Simpson’s diversity index; 1-D), and Evenness (Simpson’s
Evenness, ED) to maximize comparability between samples.56 Samples were queried at a
subsample depth of 5,000 sequences per sample. The resulting average diversity values
were used in subsequent analyses.

2.5 Statistical analyses
Weekly body mass (BM) measurements for each individual were calculated as a percent
of BM relative to baseline BM ([Weekly BM]/[100]). Weekly food intake for each
individual was calculated as grams of food consumed per gram of BM. Body mass, food
intake, and testicular measures were analyzed using repeated measures Analysis of
Variance (ANOVA) models against the four levels of treatment (LDP, LDS, SDP, SDS),
time, and their interactions using the program JMP (JMP Pro v.14.1, SAS Institute Inc.,
Cary, NC, USA). Body mass and testes mass data were transformed using Box-Cox
functions prior to analysis in order to meet the ANOVA assumption of normality (λ = 2
for BM, and λ = 1.69 for PTM). Tukey’s HSD was performed to determine treatment
differences, where applicable.
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To investigate whether bacterial communities differed by treatments across time,
we used a series of PERMANOVA analyses67 on average Bray-Curtis (BC) dissimilarity
values (average BC values over 1000 iterations of 5000 subsampled sequences per
experimental unit). We aimed to elucidate whether treatments facilitated a shift in the gut
microbiota and if this effect, if any, was consistent across sampling dates. To visualize
community differences at Week 8, Principal Coordinates (PCoA) ordination was
conducted (as implemented in mothur) using BC dissimilarity values (subsampled as
above), and a contour plot (nonparametric density) was generated using JMP Pro.
Additionally, we were interested in whether communities differed within a repeatedlysampled hamster differed with treatments and over time. To examine this, we used the
BC dissimilarity values (as above) to investigate how community similarity within each
hamster changes with treatments by constraining our analysis to only within-subject
comparisons, but accounting for all within-hamster comparisons across time (n=6). We
linearly regressed these pairwise dissimilarity values against the same pairwise changes
in BM, PTM, and food intake (within-subject). This allows for variation in community
analyses to account for individual differences in physiological responses, thus controlling
for individual variability.
Additionally, previous investigations23,27 indicate that individual OTU responses
play a large role in explaining differential host-derived effects on the microbiota23,27,3639,68-70

(i.e. effect of treatment on microbiota), as well as effects of the microbiota on host

physiology.9,11-13,15,16,31,71 To investigate individual OTU responses to treatments, we
used two-way repeated measures ANOVAs on OTU relative abundance values (for the
100 most abundant OTUs, which represents greater than 78% of all obtained sequences)
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against time, treatment, and the treatment by time interaction, with post-hoc Tukey’s
HSD tests where applicable. OTU abundance data were logit transformed prior to
analyses. Two-way repeated measures ANOVAs with Tukey’s HSD were also used to
analyze OTU abundance by taxonomic rank (relative abundance at the phylum and genus
levels). Further, at the terminal sampling date (Week 8), we used a combination of oneway ANOVA and Linear Discriminant Analysis [LDA] Effect Size (LEfSe)72 to identify
OTUs that were differentially abundant across treatment groups. In addition, we were
interested in whether individual OTU abundances (100 most abundant) were responsive
to somatic measures; to examine this, OTU relative abundances (logit transformed) were
regressed against BM, PTM, and food intake over time. Where relevant, we corrected for
multiple comparisons using the Benjamini-Hochberg73 procedure (FDR = 0.25) and
reported significant p-values both pre- and post-adjustment.

3. RESULTS
3.1 Exclusions
One individual from the SDS group was classified as a nonresponder and was excluded
from analyses. One pinealectomized hamster from the SDP group was unsuccessful (the
hamster exhibited the typical body mass and testicular photoperiodic responses of a
pineal-intact hamster), therefore this individual was excluded from analyses. The final
group totals after these exclusions were: LDS = 10, LDP = 10, SDS = 9, and SDP = 9
hamsters. After exclusions, the total number of fecal samples analyzed was 152.
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3.2 Sequencing
After sequence quality control, including exclusion of rare OTUs, we retained ~1.2
million sequences, representing demarcated 3,409 OTUs. The communities were
dominated by the phyla Bacteroidetes (51.5% of OTUs) and Firmicutes (45.3% of
OTUs). The 100 most abundant OTUs represented 78% of all sequences (63.2%
Firmicutes, and 31.5% Bacteroidetes) (Supplementary Table 2).

3.3. Diversity estimators
There was a difference in relative OTU richness with the interaction of treatment and
time (F3,144 = 2.75, p = 0.045). LDP animals had higher observed OTU richness than SDP
animals (F1,144 = 5.35, p = 0.022). There were no significant differences in diversity
(F3,144 = 2.00, p = 0.116) or evenness (F3,144 = 1.83, p = 0.144).

3.4 Body mass, food intake, and testes mass
The pattern of BM change was dependent on both photoperiod and pineal status (F3 ,142 =
17.15, p < 0.0001), thus, animals in both of the SD groups lost more mass than the LDP
group (t = 5.69, p < 0.0001), and SDS animals lost significantly more mass than LDS
animals (t = -2.11, p = 0.037) (Figure 2A) (Means: SDP = 45.51 ± 2.50%, SDS = 36.55 ±
2.50%, LDP = 56.51 ± 2.37%, and LDS = 50.13 ± 2.37%, where transformed values
represent final BM as a percent of baseline BM [100%]). There was also a significant
treatment by time effect on BM (F3,142 = 16.98, p < 0.0001), where LDP had significantly
higher BM than SDS (t = 5.21, p < 0.0001)].
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Food intake varied as a function of time (F1,142 = 5.40, p = 0.022), with animals
eating more on Week 8 than Week 0 (t = 2.32, p = 0.022). There was no significant effect
of treatment (F3,142 = 2.46, p = 0.065) or the interaction of treatment by time (F3,142 =
1.33, p = 0.266) on food intake.
PTM differed among groups (F3 ,142 = 27.98, p < 0.0001), with SDS animals
exhibiting significantly greater reduction in testicular mass (Mean = 21.41 ± 54.60 mg)
as compared to all other groups on Week 8 (Figure 2B) (Means: LDS = 563.83 ± 51.80,
LDP = 533.25 ± 51.80, SDP = 404.97 ± 54.60 mg).

Figure 2.
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Figure 2. Body mass (A) and paired testes mass (B) on Week 8. BM: body mass,
expressed as percent change in BM as compared to baseline BM. PTM: paired testes
mass. Graphs are based on raw values (% of baseline), while statistical analyses are
transformed values (Box-Cox, see Methods). ***p < 0.0001 versus SDS. **p = 0.05
versus SDS. *p = 0.036 versus SDS. #p < 0.0001 versus SDS.
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3.5 OTU abundance – all weeks
The results indicate that treatment, time, and their interaction significantly affect the
abundance of several OTUs (Table 1).
Results from post-hoc analyses indicate that treatments do not uniformly affect
OTU abundances (Table 1a). For example, SDP had less Muribaculum (OTU 92) than
LDS (t = -3.25, p = 0.002), as well as less Hungatella (OTU 95) than SDS (t = -3.25, p =
0.0015). LDS also had less Lactobacillales than SDS (t = -3.34, p = 0.0011). For a full
report of differences by treatment group, see Supplementary Table 3.
OTU abundance was also significantly affected by time. Except for one (OTU 174, t =
3.32, p = 0.002), all significant OTUs (from within the top 100) decreased over time
(Table 1b).
Finally, the interaction of treatment and time significantly affected OTU
abundances. There were several significant differences in OTU abundances between
groups. SDP animals had significantly more Prevotella, Clostridium, and one OTU
belonging to the genus Fusimonas than SDS animals over time. However, SDP had
significantly lower abundances of Desulfovibrio and another OTU of Fusimonas than
SDS over time. Lactobacillus was more abundant in LDP versus SDS over time, whereas
the opposite was true for another OTU of Prevotella (Table 1c).

3.5.1. OTU abundance – All weeks – Taxonomic Rank
The repeated measures ANOVA to analyze the abundance of bacteria by taxonomic rank
indicate significant effects of time, and the treatment by time interaction, at the phylum
level. There was a significant effect of the treatment by time interaction on the phyla
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Bacteroidetes (F3, 34.3 = 3.562, p = 0.0166) and Firmicutes (F3, 108.6 = 3.603, p = 0.0158).
There was a significant effect of time on the phylum Candidatus Saccharibacteria (F1, 108.7
= 5.303, p = 0.0232). Partial denominator degrees of freedom are based on KenwardRoger first order approximations with Kacker-Harville corrections. Treatment, time, and
their interaction all had significant effects at the genus level— overall, there were
significant effects on 20 genera, representing 6 phyla (see Supplementary Table 4 for
results at the genus level).

3.6 OTU abundance – Week 8
We investigated OTU abundances two ways: one-way ANOVA, and LEfSe analysis. As
both statistical approaches test for differential OTU abundances and as there was overlap
in genera enriched, results from both tests are presented together (Table 2). Results of
ANOVA analyses on OTU abundances (top 100 OTUs) with treatment in Week 8
indicate that two common OTUs, both in the genus Prevotella, were enriched in the SDP
group. Further, LEfSe analysis indicated an additional OTU (genus Prevotella) enriched
in SDP, as well as two other OTUs enriched in LDP and SDS (Helicobacter and
Lachnospiraceae, respectively; Table 2). Week 8 treatment differences in relative
abundances of genera (including Prevotella) are illustrated in Figure 3A.
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Table 1.
Effect

Phylum
Actinobacteria

Order
Bifidobacteriales

Genus
Bifidobacterium

Bacteroidetes

Bacteroidales

Muribaculum

Clostridiales

Hungatella

95, 134,
192

Lactobacillales

Lactobacillus

139

Prevotella

182
17,
84,
100,
107,
174

a. Treatment
Firmicutes

b. Time

Bacteroidetes

Bacteroidales

Candidatus
Saccharibacteria

Candidatus
Saccharibacteria

Firmicutes

Bacteroidetes
c. Treatment x
Time

Firmicutes
Proteobacteria

Muribaculum

Candidatus
Saccharibacteria*
Acetatifactor

OTU #
64
92,
156

16, 24
74

Clostridiales

Clostridium XIVa

41, 85,
162

Lactobacillales

Flavonifractor
Lactobacillus

73
8

Bacteroidales

Prevotella

Clostridiales
Lactobacillales
Desulfovibrionales

Clostridium

21,
182
119

Fusimonas

102, 106

Lactobaillus
Desulfovibrio

105
43
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Fdf (s)
F3,21.6 = 3.410
F3,135 = 4.434,
F3,29.2 = 3.193
F3,135 = 4.434,
F3,33.7 = 4.659,
F3,36.4 = 3.416
F3,136 = 5.217

p-value(s)
0.036
0.005†,
0.038
0.005†,
0.008†,
0.027
0.002†

Direction
B>C
92: B,D > C,
156: B > C
95: A,D > C,
134: A > B
192: A > B,C,D
B,D > A

F1,83.4 = 4.295
F1,111.9 = 6.759,
F1,135 = 6.604,
F1,108 = 4.511,
F1,76.1 = 4.270,
F1,58 = 11.030
F1,110.8 = 5.500,
F1,110.7 = 4.960
F1,107.1 = 5.353
F1,104.1 = 5.181,
F1,94.7 = 8.207,
F1,99 = 5.903
F1,106.3 = 4.138
F1,111.6 = 11.845

0.041
0.011,
0.011,
0.036,
0.042,
0.002†
0.021,
0.028
0.023
0.025,
0.005†,
0.017
0.044
0.001†

dec

F3,111.1 = 5.210,
F3,80.8 = 2.756
F3,80.1 = 4.150
F3,108.9 = 2.806,
F3,100.5 = 3.647
F3,86.5 = 3.112
F3,99.4 = 4.350

0.002†,
0.048
0.009†
0.043,
0.015
0.03
0.006†

17-107: dec
174: inc

dec (all)
dec
dec (all)
dec
dec
21: C > D,
182: D > A
C>D
102: D > C,
106: C > D
A>D
D>C

Table 1. Effect of treatment (a), time (b), and the interaction of treatment and time (c) on
OTU abundance, Weeks 0 through 8. Direction column indicates significant differences
by treatment (a, c) or changes across time (b) (A: LDP, B: LDS, C: SDP, D: SDS, dec:
decreasing over time, inc: increasing over time). F-ratios with degrees of freedom, as well
as P-values, each correspond to the individual OTU numbers listed (separated by
commas). Denominator partial df based on Kenward-Roger first order approximations
with Kacker-Harville corrections. *OTUs 16 and 24 could not be classified at the genus
level. †Significant after Benjamini-Hochberg correction with FDR=0.25.

Even though there was no evidence for major community-wide differences by
treatment on Week 8 (see PERMANOVA and Bray-Curtis section, below), PCoA
visualization indicates that there are differences by treatment which were driven by
changes in the relative abundances on individual OTUs or genera (Figure 3A; Table 2).
We can see in our contour plot of PCoA loadings that the relative abundances of genera
within SDP and SDS groups were particularly distinct (Figure 3B).
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Table 2.
OTU
#
4
21
182
55
102

Genus
Prevotella
Prevotella
Prevotella
Helicobacter
Lachnospiraceae*

Enriched
Treatment Group
SD PinX
SD PinX
SD PinX
LD PinX
SD Sham

Fdf

LDA

p-value

F3,34 = 3.045
F3,34 = 3.368
−
−
−

−
−
3.597
3.840
3.500

0.042
0.030
0.013
0.020
0.013

Table 2. Effect of treatment on OTU richness (top 100) on Week 8. Analyses were either
ANOVA (F-ratio), or LEfSe (LDA) *OTU 102 could not be classified at the genus level.
SD: short day, LD: long day, PinX: pinealectomy.

Figure 3. (continued on the following page)
A.
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Figure 3. (continued)
B.

Figure 3. Relative abundances of genera (A) and gut community differences by treatment
(B) across treatments for Week 8. A: relative abundances of top nine genera (with
remaining genera grouped as Other); *OTUs could not be classified at the genus level. B:
contour plot of Principal Coordinate (PCoA) loading values for the first two axes, with R2
values for each axis presented parenthetically, demonstrating that short day
pinealectomized (SDP) gut communities are largely different from short day sham (SDS);
darker contours indicate close clustering of PCoA points for each treatment.

3.7 Effect of OTUs on somatic measures
There were many significant associations between individual OTU abundances with BM,
PTM, and/or food intake. The significant correlations were largely with members of the
phyla Firmicutes and Bacteroidetes. The OTUs that were significantly correlated with
BM were mostly members of the orders Clostridiales and Bacteroidales (Table 3a). Most
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of the OTUs that affected PTM were within the Bacteroidales (Table 3b). Finally, several
OTUs significantly affected food intake (Table 3c).

3.8 PERMANOVA and Bray-Curtis
PERMANOVA results indicated significant differences in community structure by
treatment, overall (F3,144 = 1.51, p = 0.022). However, when analyses were separated by
time, treatment effects were not significant (W0: F3,34 = 0.94, p = 0.566; W2: F3,32 = 0.93,
p = 0.566; W4: F3,33 = 1.25, p = 0.116; W8: F3,33 = 0.89, p = 0.633). This confirms that at
the onset of this experiment, prior to surgery, initial gut communities were
indistinguishable from each other.
BC was significantly affected by BM (F7, 199 = 2.66, p = 0.012; Figure
4A). As hamster BM increased over time, there was more dissimilarity in gut
communities, regardless of treatment (t = 2.58, p = 0.011). This suggests a relationship
between lack of gut community variation and the maintenance of body mass. BC is
significantly affected by PTM over time (F7, 199 = 2.66, p = 0.012; Figure 4B). There was
a significant interaction between treatment and PTM (F3, 199 = 2.75, p = 0.044): the larger
testes of the LDS animals were associated with less community dissimilarity, as
compared to SDS animals (t = -2.67, p = 0.008). There were no significant differences in
the other groups (LDP vs SDS: t = 1.77, p = 0.078; SDP vs SDS: t = 0.83, p = 0.405).
This suggests that communities tend to be more similar to each other in animals that
maintain large testes size. While food intake and BC tests indicated significant
associations (F7,199 = 2.26, p = 0.013) we observed no significant individual treatment
effects; additional research is needed to confirm this association.
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Figure 4.

A.

B.

Figure 4. Association of body mass (A) and paired testes mass (B) with Bray-Curtis
dissimilarity values. BC was significantly associated with changes in BM (F7, 199 = 2.66, p
= 0.012) and PTM (F7, 199 = 2.66, p = 0.012) over time. Shaded area surrounding each line
represents confidence interval. BM: body mass, PTM: paired testes mass, BC: BrayCurtis dissimilarity.
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Table 3.
Somatic
Measure

Phylum
Bacteroidetes

a. Body
Mass

b. Paired
Testes Mass

c. Food
Intake

Firmicutes

Order
Bacteroidales

Clostridiales

2.54, 3.60

0.064, 0.058
0.029
0.051

2.08, 3.10
2.22
2.74

0.038, 0.033
p<0.001†,
0.025

0.025, 0.025

2.09, -2.15

0.090, 0.028

3.97, 2.26

16

0.022

0.029

2.32

119

0.041

0.029

2.07

81, 84,
91

0.019, 0.032,
0.013

0.032, 0.025,
0.036

2.38, -2.17,
-2.52

16

0.013

0.035

-2.53

118
181
52, 160

0.003†
0.002†
0.045, 0.034

0.071
0.104
0.020, 0.025

-3.09
-3.25
-2.02, -2.15

Barnesiella

Paraprevotella
Blautia
Clostridium XlVa
Flavonifractor

67
79, 84,
91, 174
186
164
41, 162
38

Hungatella

118, 134

Kineothrix
Pseudoflavonifractor
Helicobacter

137, 169
165
99

0.004†
0.001†, 0.004†,
0.029, 0.014
0.045
0.008†
0.001†, 0.046
0.041
0.013,
p<0.001†
0.043, 0.002†
0.028
0.007†

Barnesiella

97, 136

Muribaculum

48, 84

Muribaculum

Bacteroidetes

Bacteroidales

Candidatus
Saccharibacteria
Firmicutes

Candidatus
Saccharibacteria
Clostridiales

Candidatus
Saccharibacteria*
Clostridium

Bacteroidetes

Bacteroidales

Muribaculum

Candidatus
Saccharibacteria

Candidatus
Saccharibacteria

Candidatus
Saccharibacteria*
Hungatella
Faecalicatena
Lactobacillus

Lactobacillales

0.047, 0.079

p-value(s)

Campylobacterales

Firmicutes

-2.89
3.58, 2.94,
2.21, -2.51
2.02
2.69
3.42, 2.01
2.06

OTU #

Proteobacteria

Clostridiales

r2 adjusted
value(s)
0.053
0.076, 0.051,
0.026, 0.058
0.024
0.045
0.069, 0.022
0.021

Genus
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t-ratio(s)

Table 3. Significant effects of OTUs on somatic responses: body mass (a), paired testes
mass (b), and food intake (c). P-values and r2 adjusted values each correspond to the
individual OTU numbers listed (separated by commas). *OTU 16 could not be classified
at the genus level. †Significant after Benjamini-Hochberg correction with FDR=0.25.

4. DISCUSSION
Recent studies have established that there are seasonal rhythms in the gut microbial
community in Siberian hamsters.23,27 Our present findings provide an alternative
hypothesis regarding the mechanism(s) through which photoperiod drives other seasonal
rhythms in physiology and behavior. Given that the gut microbiota has been implicated in
many physiological and behavioral functions, pineal-dependent alterations in the gut
microbiota may serve as a mechanism to affect downstream seasonal responses (i.e.,
energetics, food intake, social and aggressive behaviors). Thus, understanding the
mechanism by which photoperiod influences the gut microbiota is of significant interest.
The purpose of this study was to investigate the role of the pineal gland in shaping the
seasonal profile of the gut microbiota. We hypothesized that the pineal gland is necessary
for the expression of seasonal alterations in the composition of the gut microbiota. To test
this, we placed pinealectomized and intact hamsters into long or short photoperiods for
eight weeks, collected weekly fecal samples, and measured weekly food intake, testis
volume, and body mass. We found significant effects of treatment on many bacterial
genera. We also found significant associations between individual OTU abundances and
BM, PTM, and food intake. Finally, our results indicate a relationship between overall
community structure, and body and testes masses. These results support our hypothesis,
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and firmly establish a role for the pineal gland in mediating some seasonal alterations in
the gut microbiota.
There was a relationship between photoperiod, pineal status, and a number of
bacterial genera. For example, the genus Hungatella, which is associated with
carbohydrate metabolism and energy harvest,74 was significantly enriched in the LDP
group. As another example, the genus Prevotella was enriched in SDP animals on Week
8, and was significantly affected by treatment, as well as the interaction of treatment and
time. Previous studies have indicated that Prevotella is associated with improved glucose
tolerance (mouse model),75 decreased adiposity (human model),68 and inflammatory
responses (human model).76,77 Whether Prevotella or Hungatella affected the seasonal
physiology of hamsters in the context of this study is unclear, as we did not measure
these responses; furthermore, the effects of the bacteria within these genera vary by
species.78,79 However, it is clear from our results that both photoperiod and pineal status
affect the abundance of various bacteria, and this shift in abundances may be linked to
seasonal shifts in physiology.
Our results reveal significant correlations between gut bacteria and physiological
responses. For example, body mass was correlated with the phyla Bacteroidetes and
Firmicutes. Interestingly, both phyla are often involved in carbohydrate metabolism80.
The products of carbohydrate fermentation provide the host with energy, but they also
communicate with the host neuroendocrine system to alter energy metabolism.81-84 Prior
research in human and animal models established that the gut microbiota influences body
weight,71,81,85-87 energetics,71,81 and fat storage.87 These are all measures that are
seasonally regulated in Siberian hamsters by a complex system involving the pineal gland
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and other endocrine, neural, and genetic factors.88-90 Taken together, the pineal gland may
drive seasonal changes in gut bacteria that, in turn, contribute to seasonal changes in
physiology and behavior such as body mass and food intake in the host.
Photoperiod is represented endogenously by pineal MEL secretion. Pineal MEL
communicates information about day length to induce seasonal responses in behavior and
physiology in targets throughout the mammalian body. Removal of the pineal gland via
pinealectomy abolishes many seasonal responses to photoperiod. The results of this study
extend those observations to include pineal-dependent seasonal shifts in the gut
microbiota, as the abundances of certain bacteria significantly differed in
pinealectomized versus intact animals. Investigation of the relationship between the brain
and the microbiota is still in its early stages.91 Communication along the gut-brain axis is
complex, and although it is established that endocrine, neural, metabolic, and immune
factors are all involved,91-93 there is still much unknown regarding both the network that
connects these factors, as well as the roles of individual tissues/factors. Many gut-brain
axis studies emphasize the effects elicited by the microbiota on the brain and body,
particularly with regard to mood and behavior.6,30,94-97 However, communication along
the gut-brain axis is bidirectional4, so it is important to characterize the relationship from
the perspectives of both bacteria (gut) and host (brain). There is already evidence of
diurnal variation in the gut microbiota,69,70,98-101 evidence that gut microbes influence host
circadian clock functions,34,98,99,102-105 and evidence that the circadian rhythms of the
microbiota are regulated by the rhythms of the host.39,70,98,100 However, the role of the
host in seasonal rhythmicity of the gut microbiota has not been established until now. The
current study indicates the presence of a “top-down” system of control, whereby
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information about photoperiod communicated by the brain (pineal gland) exerts influence
on the gut community. These results are the first to show that at least some seasonal shifts
in microbiota are pineal-dependent.
Extrapineal MEL is synthesized by various cell types in the gastrointestinal (GI)
tract of birds and mammals.106-109 The levels of gastrointestinal melatonin (GI-MEL) are
10-400 times higher than in the pineal and serum.110-112 However, the mode of release of
GI-MEL is not circadian;107 rather, it appears that MEL is released in response to food
intake.106 Further, some foods themselves are rich in MEL, and thus likely contribute to
the high levels of MEL present in the GI tract.107,109,113 Although the role of GI-MEL in
the digestive tract is not fully understood, evidence indicates that auto- and paracrine
actions of GI-MEL include stimulation of GI motility,106,107,114,115 transmembrane
transport of water, ions, and electrolytes,107 and its antioxidant effects may be
gastroprotective.107,113 The activity of at least one enteric bacterium has also been shown
to respond to GI-MEL.108,109 There is currently no evidence that GI-MEL enters the
systemic circulatory system,108 and previous studies indicate that GI-MEL synthesis is
not affected by pinealectomy.107,110 Thus, the results of the present study are likely
independent of GI-MEL as the only intervention was to remove the pineal gland, leaving
GI-MEL signaling intact in all groups.
The overall results of this study confirm and extend previous work establishing
seasonal differences in the Siberian hamster gut microbiota. While previous results23,27
indicate significant differences by photoperiod in the relative abundances of certain
members of the microbiota, the significant bacteria in those studies are different than
those in the present study. Diet, environment, and genetics play important roles in
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shaping the profile of the gut microbiota,37,38 so it is therefore not surprising to see
community differences across independent hamster colonies that are housed in different
facilities and fed different diets. However, the hamsters used in this study were all reared
together and fed the same diet, thereby eliminating environmental variability and
indicating that the shifts in microbiota are biologically relevant. The present results
extend the findings of seasonal shifts in gut microbiota by establishing that the
mechanism through which photoperiod alters the gut microbial community includes the
pineal gland.
Taxonomic identification in this study was resolved only to the level of genus, as
species identification of bacteria can be problematic.116,117 Although some phyla118,119
and genera120,121 have been correlated with specific physiological responses, it is
important to note that bacterial species function can vary within the same genus.122-126
This makes it challenging to form conclusions about the roles of genera as a whole within
the microbiota, as well as to reduce the function of the entire microbiota as a system—
which contains trillions of microorganisms32 — and characterize it by only a handful of
community members.118,127 These points should be carefully considered when analyzing
the microbiota and its many potential effects on behavior and physiology.

5. CONCLUSION
The systems influencing the gut microbiota are numerous and complex, and the circuits
and mechanisms subserving communication along the gut-brain axis remain largely
uncharacterized. While previous results have identified roles for the immune system and
stress axis in host regulation of the gut microbiome, the present study indicates that the
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pineal gland plays a necessary role in determining the seasonal profile of the microbiota.
This opens the door to future chronobiological research aimed at mechanisms driving
seasonal rhythms both upstream and downstream of seasonal changes in the gut
microbiota. These results also identify a novel mechanism for microbiome researchers to
exploit in the area of brain-gut interactions. Pineal MEL signaling may drive shifts in the
abundances of gut bacteria, and those shifts in bacteria may, in turn, play a role in the
host’s seasonal physiological and behavioral responses. These results represent an
important advance in our understanding of the relationship between photoperiod, brain,
microbiota, and physiology.
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SUPPLEMENTARY TABLES
Supplementary Table 1. Primer sequences and MID (i5 and i7) sequences used for
parsing sequences into experimental units.
Primary PCR Primers
nexF-N3-515f
nexF-N4-515f
nexF-N5-515f
nexF-N6-515f
nexF-N3-806r
nexF-N4-806r
nexF-N5-806r
nexF-N6-806r

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-NNNGTGYCAGCMGCCGCGGTAA
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-NNNNGTGYCAGCMGCCGCGGTAA
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNN-GTGYCAGCMGCCGCGGTAA
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNNN-GTGYCAGCMGCCGCGGTAA
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-NNNGGACTACNVGGGTWTCTAAT
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNN-GGACTACNVGGGTWTCTAAT
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNN-GGACTACNVGGGTWTCTAAT
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNN-GGACTACNVGGGTWTCTAAT

Secondary PCR Primers
P5-i5-Overlap
P7-i7-Overlap

AATGATACGGCGACCACCGAGATCTACAC-i5TCGTCGGCAGCGTC
CAAGCAGAAGACGGCATACGAGAT-i7GTCTCGTGGGCTCGG

Experimental Set-Up
Sample Name
W0_Fecal_LD_PinX_1
W0_Fecal_LD_PinX_2
W0_Fecal_LD_PinX_3
W0_Fecal_LD_PinX_4
W0_Fecal_LD_PinX_5
W0_Fecal_LD_PinX_6
W0_Fecal_LD_PinX_7
W0_Fecal_LD_PinX_8
W0_Fecal_LD_PinX_9

Forward MID
5' - 3' (i5)
GGCCATAT
CACTTCTG
GTCACAGT
CTTGTCCA
GGATCCAT
TGGTGAAG
GTGACTGT
CGCCTTAT
TTCGATGG

Reverse MID
5' - 3' (i7)
AGAGACAC
ACCTTGCT
TTGCTACC
CATCACCT
GAGTACAG
TTCCATGC
AACGAACG
GTACCAAC
AGAGACAC
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Sample Description
Week 0 Long Day Pinealectomy
Week 0 Long Day Pinealectomy
Week 0 Long Day Pinealectomy
Week 0 Long Day Pinealectomy
Week 0 Long Day Pinealectomy
Week 0 Long Day Pinealectomy
Week 0 Long Day Pinealectomy
Week 0 Long Day Pinealectomy
Week 0 Long Day Pinealectomy

Supplementary Table 1 (continued)
Forward MID
Sample Name
5'- 3' (i5)
W0_Fecal_LD_PinX_10 ATGGCCTA
W0_Fecal_SD_PinX_1
CTGACAGT
W0_Fecal_SD_PinX_2
CAAGGAAC
W0_Fecal_SD_PinX_4
GACTAGAG
W0_Fecal_SD_PinX_5
AGACGTCT
W0_Fecal_SD_PinX_7
CAACTGCA
W0_Fecal_SD_PinX_8
AACGATCC
W0_Fecal_SD_PinX_9
GTGTCACA
W0_Fecal_SD_PinX_10 AGTCTGTG
BLANK_1
CTCTACAC
W0_Fecal_LD_Sham_1 GTAGGATG
W0_Fecal_LD_Sham_2 GGATTAGG
W0_Fecal_LD_Sham_3 CGCGTATA
W0_Fecal_LD_Sham_4 TACGGCTA
W0_Fecal_LD_Sham_5 CTTGTGCT
W0_Fecal_LD_Sham_6 ACGTGATC
W0_Fecal_LD_Sham_7 AACCTTCC
W0_Fecal_LD_Sham_8 CAGTGACT
W0_Fecal_LD_Sham_9 TTCGCCAT
W0_Fecal_LD_Sham_10 TGACGAGA
W0_Fecal_SD_Sham_1
TGCTTGGA
W0_Fecal_SD_Sham_2
CACTTGTC
W0_Fecal_SD_Sham_3
TAGGCCTA
W0_Fecal_SD_Sham_4
AGAGCAGT
W0_Fecal_SD_Sham_5
ACCTGTTC
W0_Fecal_SD_Sham_7
CTGTGTCT
W0_Fecal_SD_Sham_8
TAGGCGTT
W0_Fecal_SD_Sham_9
TCGTAGCA
W0_Fecal_SD_Sham_11 TCCTTCCT
W0_Fecal_SD_Sham_12 AGTCCACA
W2_Fecal_LD_PinX_1
GTAGCTTG
W2_Fecal_LD_PinX_2
CTCTAGAG
W2_Fecal_LD_PinX_3
CAGACTCA
W2_Fecal_LD_PinX_4
TGGTACCA
W2_Fecal_LD_PinX_5
TCAGCAGT
W2_Fecal_LD_PinX_6
ACCTCTAC
W2_Fecal_LD_PinX_7
GGCCATAT
W2_Fecal_LD_PinX_8
TCTGGAGT
W2_Fecal_LD_PinX_9
AACCATCG

Reverse MID
5' - 3' (i7)
ACCTTGCT
TTGCTACC
CATCACCT
GAGTACAG
TTCCATGC
AACGAACG
GTACCAAC
AGAGACAC
ACCTTGCT
TTGCTACC
CATCACCT
GAGTACAG
TTCCATGC
AACGAACG
GTACCAAC
AGAGACAC
ACCTTGCT
TTGCTACC
CATCACCT
GAGTACAG
TTCCATGC
AACGAACG
GTACCAAC
AGAGACAC
ACCTTGCT
TTGCTACC
CATCACCT
GAGTACAG
TTCCATGC
AACGAACG
GTACCAAC
AGAGACAC
ACCTTGCT
TTGCTACC
CATCACCT
GAGTACAG
GTAGACCT
AACGAACG
GTACCAAC
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Sample Description
Week 0 Long Day Pinealectomy
Week 0 Short Day Pinealectomy
Week 0 Short Day Pinealectomy
Week 0 Short Day Pinealectomy
Week 0 Short Day Pinealectomy
Week 0 Short Day Pinealectomy
Week 0 Short Day Pinealectomy
Week 0 Short Day Pinealectomy
Week 0 Short Day Pinealectomy
Blank
Week 0 Long Day Sham
Week 0 Long Day Sham
Week 0 Long Day Sham
Week 0 Long Day Sham
Week 0 Long Day Sham
Week 0 Long Day Sham
Week 0 Long Day Sham
Week 0 Long Day Sham
Week 0 Long Day Sham
Week 0 Short Day Sham
Week 0 Short Day Sham
Week 0 Short Day Sham
Week 0 Short Day Sham
Week 0 Short Day Sham
Week 0 Short Day Sham
Week 0 Short Day Sham
Week 0 Short Day Sham
Week 0 Short Day Sham
Week 0 Short Day Sham
Week 0 Short Day Sham
Week 2 Long Day Pinealectomy
Week 2 Long Day Pinealectomy
Week 2 Long Day Pinealectomy
Week 2 Long Day Pinealectomy
Week 2 Long Day Pinealectomy
Week 2 Long Day Pinealectomy
Week 2 Long Day Pinealectomy
Week 2 Long Day Pinealectomy
Week 2 Long Day Pinealectomy

Supplementary Table 1 (continued)
Forward MID
5'- 3' (i5)
W2_Fecal_LD_PinX_10 AACCGGTT
W2_Fecal_SD_PinX_1
AGTGTCTG
W2_Fecal_SD_PinX_2
TCCTTGCA
W2_Fecal_SD_PinX_4
TTCCATGC
W2_Fecal_SD_PinX_5
GACTACAC
W2_Fecal_SD_PinX_7
GACAACTC
W2_Fecal_SD_PinX_8
CACTTCTG
W2_Fecal_SD_PinX_9
TGGACTAC
W2_Fecal_SD_PinX_10 TGGTCAAC
W2_Fecal_SD_PinX_11 CTTGGTAG
W2_Fecal_LD_Sham_1 GCATCGAT
W2_Fecal_LD_Sham_2 GATCACCA
W2_Fecal_LD_Sham_3 GCTTAAGC
W2_Fecal_LD_Sham_4 CCAATTCC
W2_Fecal_LD_Sham_5 TTCCAAGG
W2_Fecal_LD_Sham_6 GAAGACCA
W2_Fecal_LD_Sham_7 GTACGATC
W2_Fecal_LD_Sham_8 TATAGCGC
W2_Fecal_LD_Sham_9 ATATGGCC
W2_Fecal_LD_Sham_10 TGCTACCT
W2_Fecal_SD_Sham_1
ATCCGCTT
W2_Fecal_SD_Sham_2
CAAGCTAC
W2_Fecal_SD_Sham_3
CTCACACT
W2_Fecal_SD_Sham_4
GTCTCACT
W2_Fecal_SD_Sham_5
AGTGGTGA
W2_Fecal_SD_Sham_7
GTAGAGGT
W2_Fecal_SD_Sham_8
GTACGTTG
W2_Fecal_SD_Sham_9
CTACGAAC
W2_Fecal_SD_Sham_11 ACGATGCT
W2_Fecal_SD_Sham_12 CGCGATTA
W4_Fecal_LD_PinX_1
CTGATCTC
W4_Fecal_LD_PinX_2
TACGATCG
W4_Fecal_LD_PinX_3
GTGTTCTC
W4_Fecal_LD_PinX_4
CAGTCTCT
W4_Fecal_LD_PinX_5
AGGTGTTC
W4_Fecal_LD_PinX_6
GTGTACTG
W4_Fecal_LD_PinX_7
CAGTTCTC
W4_Fecal_LD_PinX_8
AGACGACA
W4_Fecal_LD_PinX_9
GATCCTAG
W4_Fecal_LD_PinX_10 CCATTAGG
Sample Name

Reverse MID
5' - 3' (i7)
AGAGACAC
ACCTTGCT
TTGCTACC
CATCACCT
GAGTACAG
TTCCATGC
AACGAACG
GTACCAAC
AGAGACAC
ACCTTGCT
TTGCTACC
CATCACCT
GAGTACAG
TTCCATGC
AACGAACG
GTACCAAC
AGAGACAC
ACCTTGCT
TTGCTACC
CATCACCT
GAGTACAG
TTCCATGC
AACGAACG
GTACCAAC
AGAGACAC
ACCTTGCT
TTGCTACC
CATCACCT
GAGTACAG
TTCCATGC
AACGAACG
GTACCAAC
AGAGACAC
ACCTTGCT
TTGCTACC
CATCACCT
GAGTACAG
TTCCATGC
AACGAACG
GTACCAAC
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Sample Description
Week 2 Long Day Pinealectomy
Week 2 Short Day Pinealectomy
Week 2 Short Day Pinealectomy
Week 2 Short Day Pinealectomy
Week 2 Short Day Pinealectomy
Week 2 Short Day Pinealectomy
Week 2 Short Day Pinealectomy
Week 2 Short Day Pinealectomy
Week 2 Short Day Pinealectomy
Week 2 Short Day Pinealectomy
Week 2 Long Day Sham
Week 2 Long Day Sham
Week 2 Long Day Sham
Week 2 Long Day Sham
Week 2 Long Day Sham
Week 2 Long Day Sham
Week 2 Long Day Sham
Week 2 Long Day Sham
Week 2 Long Day Sham
Week 2 Long Day Sham
Week 2 Short Day Sham
Week 2 Short Day Sham
Week 2 Short Day Sham
Week 2 Short Day Sham
Week 2 Short Day Sham
Week 2 Short Day Sham
Week 2 Short Day Sham
Week 2 Short Day Sham
Week 2 Short Day Sham
Week 2 Short Day Sham
Week 4 Long Day Pinealectomy
Week 4 Long Day Pinealectomy
Week 4 Long Day Pinealectomy
Week 4 Long Day Pinealectomy
Week 4 Long Day Pinealectomy
Week 4 Long Day Pinealectomy
Week 4 Long Day Pinealectomy
Week 4 Long Day Pinealectomy
Week 4 Long Day Pinealectomy
Week 4 Long Day Pinealectomy

Supplementary Table 1 (continued)
Forward MID
5'- 3' (i5)
W4_Fecal_SD_PinX_1
TGAGGACA
W4_Fecal_SD_PinX_2
ATCGGCAT
W4_Fecal_SD_PinX_4
TGTCACTC
W4_Fecal_SD_PinX_5
TATTGCGG
W4_Fecal_SD_PinX_7
CATGACGT
W4_Fecal_SD_PinX_8
TCTCAGAG
W4_Fecal_SD_PinX_9
TCCTAGGA
W4_Fecal_SD_PinX_10 TCTGCTCA
BLANK_2
GGCCATAT
W4_Fecal_SD_PinX_11 CACTTCTG
W4_Fecal_LD_Sham_1 GTCACAGT
W4_Fecal_LD_Sham_2 CTTGTCCA
W4_Fecal_LD_Sham_3 GGATCCAT
W4_Fecal_LD_Sham_4 TGGTGAAG
W4_Fecal_LD_Sham_5 GTGACTGT
W4_Fecal_LD_Sham_6 CGCCTTAT
W4_Fecal_LD_Sham_7 TTCGATGG
W4_Fecal_LD_Sham_8 ATGGCCTA
W4_Fecal_LD_Sham_9 CTGACAGT
W4_Fecal_LD_Sham_10 CAAGGAAC
W4_Fecal_SD_Sham_1
GACTAGAG
W4_Fecal_SD_Sham_2
AGACGTCT
W4_Fecal_SD_Sham_3
CAACTGCA
W4_Fecal_SD_Sham_4
AACGATCC
W4_Fecal_SD_Sham_5
GTGTCACA
W4_Fecal_SD_Sham_7
AGTCTGTG
W4_Fecal_SD_Sham_8
CTCTACAC
W4_Fecal_SD_Sham_9
GTAGGATG
W4_Fecal_SD_Sham_11 GGATTAGG
W4_Fecal_SD_Sham_12 CGCGTATA
W8_Fecal_LD_PinX_1
TACGGCTA
W8_Fecal_LD_PinX_2
TATAGCGC
W8_Fecal_LD_PinX_3
ACGTGATC
W8_Fecal_LD_PinX_4
AACCTTCC
W8_Fecal_LD_PinX_5
CAGTGACT
W8_Fecal_LD_PinX_6
TTCGCCAT
W8_Fecal_LD_PinX_7
TGACGAGA
W8_Fecal_LD_PinX_8
TGCTTGGA
W8_Fecal_LD_PinX_9
CACTTGTC
W8_Fecal_LD_PinX_10 TAGGCCTA
Sample Name

Reverse MID
5' - 3' (i7)
AGAGACAC
ACCTTGCT
TTGCTACC
CATCACCT
GAGTACAG
TTCCATGC
AACGAACG
GTACCAAC
CGTTCCTA
TGTGTGAC
GAGTAGAC
CAACCTAG
TTCGTTCG
CAAGCAAG
ATCGTTCC
ACTCTGTC
CGTTCCTA
TGTGTGAC
GAGTAGAC
CAACCTAG
TTCGTTCG
CAAGCAAG
ATCGTTCC
ACTCTGTC
CGTTCCTA
TGTGTGAC
GAGTAGAC
CAACCTAG
TTCGTTCG
CAAGCAAG
ATCGTTCC
GAAGCAAC
CGTTCCTA
TGTGTGAC
GAGTAGAC
CAACCTAG
TTCGTTCG
CAAGCAAG
ATCGTTCC
ACTCTGTC
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Sample Description
Week 4 Short Day Pinealectomy
Week 4 Short Day Pinealectomy
Week 4 Short Day Pinealectomy
Week 4 Short Day Pinealectomy
Week 4 Short Day Pinealectomy
Week 4 Short Day Pinealectomy
Week 4 Short Day Pinealectomy
Week 4 Short Day Pinealectomy
Blank
Week 4 Short Day Pinealectomy
Week 4 Long Day Sham
Week 4 Long Day Sham
Week 4 Long Day Sham
Week 4 Long Day Sham
Week 4 Long Day Sham
Week 4 Long Day Sham
Week 4 Long Day Sham
Week 4 Long Day Sham
Week 4 Long Day Sham
Week 4 Long Day Sham
Week 4 Short Day Sham
Week 4 Short Day Sham
Week 4 Short Day Sham
Week 4 Short Day Sham
Week 4 Short Day Sham
Week 4 Short Day Sham
Week 4 Short Day Sham
Week 4 Short Day Sham
Week 4 Short Day Sham
Week 4 Short Day Sham
Week 8 Long Day Pinealectomy
Week 8 Long Day Pinealectomy
Week 8 Long Day Pinealectomy
Week 8 Long Day Pinealectomy
Week 8 Long Day Pinealectomy
Week 8 Long Day Pinealectomy
Week 8 Long Day Pinealectomy
Week 8 Long Day Pinealectomy
Week 8 Long Day Pinealectomy
Week 8 Long Day Pinealectomy

Supplementary Table 1 (continued)
Forward MID
5'- 3' (i5)
W8_Fecal_SD_PinX_1
AGAGCAGT
W8_Fecal_SD_PinX_2
ACCTGTTC
W8_Fecal_SD_PinX_4
CTGTGTCT
W8_Fecal_SD_PinX_5
TAGGCGTT
W8_Fecal_SD_PinX_7
TCGTAGCA
W8_Fecal_SD_PinX_8
TCCTTCCT
W8_Fecal_SD_PinX_9
AGTCCACA
W8_Fecal_SD_PinX_10 GTAGCTTG
W8_Fecal_SD_PinX_11 CTCTAGAG
W8_Fecal_LD_Sham_1 CAGACTCA
W8_Fecal_LD_Sham_2 TGGTACCA
W8_Fecal_LD_Sham_3 TCAGCAGT
W8_Fecal_LD_Sham_4 ACCTCTAC
W8_Fecal_LD_Sham_5 GGCCATAT
W8_Fecal_LD_Sham_6 TCTGGAGT
W8_Fecal_LD_Sham_7 AACCATCG
W8_Fecal_LD_Sham_8 AACCGGTT
W8_Fecal_LD_Sham_9 AGTGTCTG
W8_Fecal_LD_Sham_10 TCCTTGCA
W8_Fecal_SD_Sham_1
TTCCATGC
W8_Fecal_SD_Sham_2
GACTACAC
W8_Fecal_SD_Sham_3
GACAACTC
W8_Fecal_SD_Sham_4
CACTTCTG
W8_Fecal_SD_Sham_5
TGGACTAC
W8_Fecal_SD_Sham_7
TGGTCAAC
W8_Fecal_SD_Sham_8
ATATGGCC
W8_Fecal_SD_Sham_9
GCATCGAT
W8_Fecal_SD_Sham_11 GATCACCA
W8_Fecal_SD_Sham_12 GCTTAAGC
Sample Name

Reverse MID
5' - 3' (i7)
CGTTCCTA
TGTGTGAC
GAGTAGAC
CAACCTAG
TTCGTTCG
CAAGCAAG
ATCGTTCC
ACTCTGTC
CGTTCCTA
TGTGTGAC
GAGTAGAC
CAACCTAG
TTCGTTCG
CAAGCAAG
ATCGTTCC
ACTCTGTC
CGTTCCTA
TGTGTGAC
GAGTAGAC
CAACCTAG
TTCGTTCG
CAAGCAAG
ATCGTTCC
ACTCTGTC
CGTTCCTA
TCGTACCT
GAGTAGAC
CAACCTAG
TTCGTTCG
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Sample Description
Week 8 Short Day Pinealectomy
Week 8 Short Day Pinealectomy
Week 8 Short Day Pinealectomy
Week 8 Short Day Pinealectomy
Week 8 Short Day Pinealectomy
Week 8 Short Day Pinealectomy
Week 8 Short Day Pinealectomy
Week 8 Short Day Pinealectomy
Week 8 Short Day Pinealectomy
Week 8 Long Day Sham
Week 8 Long Day Sham
Week 8 Long Day Sham
Week 8 Long Day Sham
Week 8 Long Day Sham
Week 8 Long Day Sham
Week 8 Long Day Sham
Week 8 Long Day Sham
Week 8 Long Day Sham
Week 8 Long Day Sham
Week 8 Short Day Sham
Week 8 Short Day Sham
Week 8 Short Day Sham
Week 8 Short Day Sham
Week 8 Short Day Sham
Week 8 Short Day Sham
Week 8 Short Day Sham
Week 8 Short Day Sham
Week 8 Short Day Sham
Week 8 Short Day Sham

Supplementary Table 2. Percent of sequences and OTUs at the phylum (A) and order (B)
levels, from top 100 OTUs. *OTU could not be classified at the phylum or order level.
A.
Phylum
Actinobacteria
Bacteria sp.*
Bacteroidetes
Candidatus
Saccharibacteria
Firmicutes
Proteobacteria
B.
Order
Bacteria sp.*
Bacteroidales
Bifidobacteriales
Campylobacterales
Candidatus
Saccharibacteria
Clostridiales
Erysipelotrichales
Lactobacillales
Proteobacteria
Sphingobacteriales

% Sequences
0.49
0.21
31.47

% OTU
1.03
0.50
51.50

3.03
63.20
1.60

0.35
45.33
1.29

% Sequences
0.21
31.15
0.49
0.89

% OTU
0.51
52.49
0.36
0.21

3.02
14.15
0.18
48.91
0.71
0.29

0.36
39.11
0.63
6.06
0.24
0.03
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Supplementary Table 3. OTU abundance –Top 100 OTUs (all) – Weeks 0-8. *OTU could not be classified at the order and/or genus
level. Significant P-values in bold. Denominator partial df based on Kenward-Roger first order approximations with Kacker-Harville
corrections.

OTU #

Phylum

Order

Genus

1

Firmicutes

Lactobacillales

Lactobacillus

4

Bacteroidetes

Bacteroidales

Prevotella

7

Firmicutes

Lactobacillales

Lactobacillus

8

Firmicutes

Lactobacillales

Lactobacillus

9

Bacteroidetes

Bacteroidales

Paraprevotella

13

Firmicutes

Clostridiales

Ruminococcus

16

Candidatus
Saccharibacteria

Candidatus
Saccharibacteria*

Candidatus
Saccharibacteria*
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Effect
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time

df
3 , 35.2
1 , 111.3
3 , 111.3
3 , 35.2
1 , 111.3
3 , 111.3
3 , 34.8
1 , 110.6
3 , 110.6
3 , 35.2
1 , 111.6
3 , 111.5
3 , 34.5
1 , 110.8
3 , 110.8
3 , 34.9
1 , 110.8
3 , 110.8
3 , 34.7
1 , 110.8
3 , 110.8

F-ratio
1.333
3.523
1.062
1.485
1.611
1.607
1.935
1.718
1.016
0.781
11.845
1.620
2.109
2.858
0.810
0.551
0.127
0.360
0.367
5.503
1.051

Prob>F
0.279
0.063
0.368
0.235
0.207
0.192
0.142
0.193
0.388
0.513
0.001
0.189
0.117
0.094
0.491
0.651
0.723
0.782
0.778
0.021
0.373

Supplementary Table 3 (continued)
OTU # Phylum
Order
17

Bacteroidetes

Bacteroidales

18

Bacteroidetes

Bacteroidales

19

Bacteroidetes

Bacteroidales

21

Bacteroidetes

Bacteroidales

23

Bacteroidetes

Bacteroidales

24

Candidatus
Saccharibacteria

Candidatus
Saccharibacteria*

31

Bacteroidetes

Bacteroidales

33

Firmicutes

Clostridiales

Genus

Effect
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Coprobacter
Time
Treatment x Time
Treatment
Prevotella
Time
Treatment x Time
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Candidatus
Time
Saccharibacteria*
Treatment x Time
Treatment
Prevotella
Time
Treatment x Time
Treatment
Clostridium XlVa
Time
Treatment x Time
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df
3 , 35.7
1 , 111.9
3 , 111.9
3 , 32.7
1 , 108.6
3 , 108.6
3 , 35.5
1 , 112.3
3 , 112.3
3 , 35.4
1 , 111.1
3 , 111.1
3 , 34.2
1 , 106.5
3 , 106.4
3 , 34.0
1 , 110.7
3 , 110.7
3 , 34.7
1 , 111.3
3 , 111.2
3 , 34.6
1 , 111.1
3 , 111.0

F-ratio
0.397
6.759
0.190
0.995
0.289
0.133
0.503
0.137
0.938
2.449
0.074
5.210
1.037
0.367
0.493
1.502
4.964
1.096
0.793
0.132
2.025
1.020
0.851
0.441

Prob>F
0.756
0.011
0.903
0.407
0.592
0.940
0.683
0.712
0.425
0.080
0.786
0.002
0.388
0.546
0.688
0.232
0.028
0.354
0.506
0.718
0.115
0.396
0.358
0.724

Supplementary Table 3 (continued)
OTU # Phylum
Order
37

Bacteroidetes

38

Firmicutes

39

Bacteroidetes

41

Firmicutes

43

Proteobacteria

46

Firmicutes

55

Proteobacteria

57

Bacteroidetes

Genus

Effect
Treatment
Bacteroidales
Porphyromonadaceae* Time
Treatment x Time
Treatment
Clostridiales
Flavonifractor
Time
Treatment x Time
Treatment
Bacteroidales
Porphyromonadaceae* Time
Treatment x Time
Treatment
Clostridiales
Clostridium XlVa
Time
Treatment x Time
Treatment
Proteobacteria*
Proteobacteria*
Time
Treatment x Time
Treatment
Clostridiales
Ruminococcus
Time
Treatment x Time
Treatment
Campylobacterales Helicobacter
Time
Treatment x Time
Treatment
Bacteroidales
Porphyromonadaceae* Time
Treatment x Time
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df
3 , 27.3
1 , 78.4
3 , 78.5
3 , 35.3
1 , 111.5
3 , 111.5
3 , 35.5
1 , 112.1
3 , 112.1
3 , 32.0
1 , 104.1
3 , 104.0
3 , 34.0
1 , 99.4
3 , 99.4
3 , 34.8
1 , 110.1
3 , 110.1
3 , 35.2
1 , 112.0
3 , 112.0
3 , 34.6
1 , 106.5
3 , 106.5

F-ratio
0.359
0.113
0.279
0.718
0.067
0.353
0.480
0.140
0.395
1.297
5.181
2.107
1.014
0.157
4.350
0.037
1.353
0.522
2.655
0.108
1.904
0.533
1.182
0.501

Prob>F
0.783
0.738
0.841
0.548
0.796
0.787
0.698
0.709
0.757
0.293
0.025
0.104
0.399
0.693
0.006
0.990
0.247
0.668
0.064
0.744
0.133
0.663
0.279
0.682

Supplementary Table 3 (continued)
OTU # Phylum
Order
58

Firmicutes

Lactobacillales

61

Firmicutes

Clostridiales

62

Bacteroidetes

Bacteroidales

63

Firmicutes

Clostridiales

64

Actinobacteria

Bifidobacteriales

67

Bacteroidetes

Bacteroidales

68

Firmicutes

Clostridiales

73

Firmicutes

Clostridiales

Genus

Effect
Treatment
Lactobacillus
Time
Treatment x Time
Treatment
Oscillibacter
Time
Treatment x Time
Treatment
Prevotella
Time
Treatment x Time
Treatment
Sporobacter
Time
Treatment x Time
Treatment
Bifidobacterium
Time
Treatment x Time
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Clostridium IV
Time
Treatment x Time
Treatment
Flavonifractor
Time
Treatment x Time

89

df
3 , 33.3
1 , 104.1
3 , 104.1
3 , 137.0
1 , 137.0
3 , 137.0
3 , 32.6
1 , 102.8
3 , 102.6
3 , 34.3
1 , 106.5
3 , 106.5
3 , 21.6
1 , 71.0
3 , 69.9
3 , 31.9
1 , 94.8
3 , 94.7
3 , 35.1
1 , 92.7
3 , 92.2
3 , 34.6
1 , 106.3
3 , 106.2

F-ratio
2.534
0.501
0.481
1.400
0.043
1.085
0.576
0.770
1.334
0.211
0.002
1.095
3.410
0.386
1.115
0.737
0.132
1.647
1.292
0.671
0.569
0.371
4.138
0.714

Prob>F
0.074
0.481
0.696
0.246
0.836
0.358
0.635
0.382
0.268
0.888
0.967
0.355
0.036
0.537
0.349
0.538
0.718
0.184
0.292
0.415
0.637
0.774
0.044
0.546

Supplementary Table 3 (continued)
OTU # Phylum
Order

Genus

74

Firmicutes

Clostridiales

Acetatifactor

76

Bacteroidetes

Bacteroidales

Porphyromonadaceae*

79

Bacteroidetes

Bacteroidales

Porphyromonadaceae*

81

Bacteroidetes

Bacteroidales

Porphyromonadaceae*

83

Bacteroidetes

Bacteroidales

Porphyromonadaceae*

84

Bacteroidetes

Bacteroidales

Porphyromonadaceae*

85

Firmicutes

Clostridiales

Clostridium XlVa

86

Bacteroidetes

Bacteroidales

Porphyromonadaceae*

90

Effect
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time

df
3 , 35.6
1 , 107.1
3 , 107.1
3 , 33.7
1 , 99.3
3 , 99.1
3 , 33.3
1 , 103.4
3 , 103.3
3 , 33.7
1 , 101.4
3 , 101.3
3 , 134.0
1 , 134.0
3 , 134.0
3 , 135.0
1 , 135.0
3 , 135.0
3 , 31.4
1 , 94.7
3 , 94.6
3 , 33.2
1 , 102.9
3 , 102.8

F-ratio
0.097
5.353
1.121
0.121
1.250
0.168
1.754
1.599
2.475
1.110
1.520
1.542
1.382
1.013
0.617
0.966
6.604
0.024
0.073
8.207
0.254
0.147
0.787
0.517

Prob>F
0.961
0.023
0.344
0.947
0.266
0.918
0.175
0.209
0.066
0.359
0.221
0.208
0.251
0.316
0.605
0.411
0.011
0.995
0.974
0.005
0.859
0.931
0.377
0.671

Supplementary Table 3 (continued)
OTU # Phylum
Order

Genus

90

Bacteroidetes

Bacteroidales

Porphyromonadaceae*

91

Bacteroidetes

Bacteroidales

Porphyromonadaceae*

92

Bacteroidetes

Bacteroidales

Porphyromonadaceae*

95

Firmicutes

Clostridiales

Clostridium XlVa

97

Bacteroidetes

Bacteroidales

Porphyromonadaceae*

99

Proteobacteria

Campylobacterales Helicobacter

100

Bacteroidetes

Bacteroidales

Porphyromonadaceae*

101

Firmicutes

Clostridiales

Lachnospiraceae*
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Effect
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time
Treatment
Time
Treatment x Time

df
3 , 33.2
1 , 102.9
3 , 102.8
3 , 33.9
1 , 104.6
3 , 104.6
3 , 135.0
1 , 135.0
3 , 135.0
3 , 135.0
1 , 135.0
3 , 135.0
3 , 31.9
1 , 95.3
3 , 95.1
3 , 32.8
1 , 89.7
3 , 89.4
3 , 35.2
1 , 108.0
3 , 108.0
3 , 31.8
1 , 98.4
3 , 98.2

F-ratio
0.147
0.787
0.517
0.326
0.385
0.919
4.434
1.519
0.191
4.434
1.519
0.191
1.081
0.292
1.267
0.110
0.253
0.183
1.561
4.511
0.504
0.652
1.108
2.068

Prob>F
0.931
0.377
0.671
0.806
0.536
0.435
0.005
0.220
0.902
0.005
0.220
0.902
0.371
0.590
0.290
0.954
0.616
0.908
0.216
0.036
0.680
0.588
0.295
0.109

Supplementary Table 3 (continued)
OTU # Phylum
Order
102

Firmicutes

Clostridiales

104

Firmicutes

Lactobacillales

105

Firmicutes

Lactobacillales

106

Firmicutes

Clostridiales

107

Bacteroidetes

Bacteroidales

111

Firmicutes

Clostridiales

113

Bacteroidetes

Sphingobacteriales

116

Bacteroidetes

Bacteroidales

Genus

Effect
Treatment
Lachnospiraceae*
Time
Treatment x Time
Treatment
Lactobacillus
Time
Treatment x Time
Treatment
Lactobacillus
Time
Treatment x Time
Treatment
Lachnospiraceae*
Time
Treatment x Time
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Oscillibacter
Time
Treatment x Time
Treatment
Chitinophagaceae*
Time
Treatment x Time
Treatment
Paraprevotella
Time
Treatment x Time
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df
3 , 32.4
1 , 109.0
3 , 108.9
3 , 32.8
1 , 104.5
3 , 104.4
3 , 29.8
1 , 86.7
3 , 86.5
3 , 33.3
1 , 100.5
3 , 100.5
3 , 23.5
1 , 76.1
3 , 75.9
3 , 35.1
1 , 103.6
3 , 103.6
3 , 31.0
1 , 82.6
3 , 81.8
3 , 33.9
1 , 103.4
3 , 103.3

F-ratio
0.324
0.760
2.806
0.782
1.450
0.866
0.909
0.829
3.112
0.890
2.214
3.647
1.006
4.270
0.337
0.760
0.074
0.245
0.355
2.441
0.654
0.475
0.016
0.877

Prob>F
0.808
0.385
0.043
0.513
0.231
0.461
0.448
0.365
0.030
0.456
0.140
0.015
0.408
0.042
0.799
0.524
0.787
0.865
0.786
0.122
0.583
0.702
0.899
0.456

Supplementary Table 3 (continued)
OTU # Phylum
Order
118

Firmicutes

Clostridiales

119

Firmicutes

Clostridiales

120

Bacteroidetes

Bacteroidales

121

Bacteroidetes

Bacteroidales

131

Bacteroidetes

Bacteroidales

132

Firmicutes

Clostridiales

133

Firmicutes

Clostridiales

134

Firmicutes

Clostridiales

Genus

Effect
Treatment
Hungatella
Time
Treatment x Time
Treatment
Clostridiales*
Time
Treatment x Time
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Coprobacter
Time
Treatment x Time
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Lachnospiraceae*
Time
Treatment x Time
Treatment
Lachnospiraceae*
Time
Treatment x Time
Treatment
Lachnospiraceae*
Time
Treatment x Time
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df
3 , 32.6
1 , 78.4
3 , 78.3
3 , 34.8
1 , 80.2
3 , 80.1
3 , 33.4
1 , 103.7
3 , 103.7
3 , 32.3
1 , 101.8
3 , 101.8
3 , 134.0
1 , 134.0
3 , 134.0
3 , 24.8
1 , 78.7
3 , 78.1
3 , 35.4
1 , 111.1
3 , 111.0
3 , 33.7
1 , 103.6
3 , 103.6

F-ratio
0.666
1.202
0.858
0.197
0.015
4.150
0.979
0.447
1.058
0.995
1.499
1.863
0.552
0.254
0.096
0.615
0.003
0.950
0.769
0.773
0.272
4.659
2.746
0.125

Prob>F
0.579
0.276
0.467
0.898
0.902
0.009
0.414
0.505
0.370
0.408
0.224
0.141
0.648
0.615
0.962
0.612
0.957
0.421
0.519
0.381
0.845
0.008
0.101
0.945

Supplementary Table 3 (continued)
OTU # Phylum
Order
136

Bacteroidetes

Bacteroidales

137

Firmicutes

Clostridiales

138

Bacteria*

Bacteria*

139

Firmicutes

Lactobacillales

140

Firmicutes

Clostridiales

141

Bacteroidetes

Bacteroidales

142

Bacteroidetes

Bacteroidales

143

Firmicutes

Clostridiales

Genus

Effect
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Lachnospiraceae*
Time
Treatment x Time
Treatment
Bacteria*
Time
Treatment x Time
Treatment
Lactobacillus
Time
Treatment x Time
Treatment
Lachnospiraceae*
Time
Treatment x Time
Treatment
Barnesiella
Time
Treatment x Time
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Lachnospiraceae*
Time
Treatment x Time
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df
3 , 33.7
1 , 107.2
3 , 106.9
3 , 21.8
1 , 28.5
3 , 28.2
3 , 97.0
1 , 97.0
3 , 97.0
3 , 136.0
1 , 136.0
3 , 136.0
3 , 30.3
1 , 86.2
3 , 85.8
3 , 32.4
1 , 104.3
3 , 104.3
3 , 121.0
1 , 121.0
3 , 121.0
3 , 34.8
1 , 101.9
3 , 101.7

F-ratio
1.660
0.924
0.483
0.589
0.265
0.487
1.260
0.039
1.310
5.217
0.159
0.865
0.835
0.013
0.961
0.146
2.021
2.398
1.703
0.408
0.607
0.907
0.862
1.095

Prob>F
0.194
0.339
0.695
0.629
0.611
0.694
0.293
0.843
0.276
0.002
0.691
0.461
0.485
0.909
0.415
0.931
0.158
0.072
0.170
0.524
0.612
0.448
0.356
0.355

Supplementary Table 3 (continued)
OTU # Phylum
Order
145

Firmicutes

Clostridiales

154

Firmicutes

Clostridiales

156

Bacteroidetes

Bacteroidales

159

Firmicutes

Erysipelotrichales

160

Firmicutes

Lactobacillales

161

Firmicutes

Clostridiales

162

Firmicutes

Clostridiales

164

Firmicutes

Clostridiales

Genus

Effect
Treatment
Lachnospiraceae*
Time
Treatment x Time
Treatment
Sporobacter
Time
Treatment x Time
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Erysipelotrichaceae*
Time
Treatment x Time
Treatment
Lactobacillus
Time
Treatment x Time
Treatment
Acetatifactor
Time
Treatment x Time
Treatment
Clostridium XlVa
Time
Treatment x Time
Treatment
Lachnospiraceae*
Time
Treatment x Time
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df
3 , 35.3
1 , 99.4
3 , 99.4
3 , 33.2
1 , 103.3
3 , 103.2
3 , 29.2
1 , 93.2
3 , 93.3
3 , 8.2
1 , 16.1
3 , 17.9
3 , 35.0
1 , 104.9
3 , 104.8
3 , 35.1
1 , 106.6
3 , 106.5
3 , 35.3
1 , 99.0
3 , 98.8
3 , 34.6
1 , 96.7
3 , 96.6

F-ratio
1.041
0.045
0.424
2.082
2.795
0.123
3.193
2.289
0.846
1.338
0.378
1.477
0.283
3.462
0.082
0.381
0.247
1.929
0.439
5.903
0.309
1.253
0.423
0.845

Prob>F
0.386
0.833
0.736
0.121
0.098
0.947
0.038
0.134
0.472
0.327
0.548
0.255
0.837
0.066
0.970
0.767
0.621
0.129
0.726
0.017
0.819
0.306
0.517
0.473

Supplementary Table 3 (continued)
OTU # Phylum
Order
165

Firmicutes

Clostridiales

168

Firmicutes

Clostridiales

169

Firmicutes

Clostridiales

170

Firmicutes

Clostridiales

171

Bacteroidetes

Bacteroidales

173

Bacteroidetes

Bacteroidales

174

Bacteroidetes

Bacteroidales

175

Candidatus
Saccharibacteria

Candidatus
Saccharibacteria*

Genus

Effect
Treatment
Oscillibacter
Time
Treatment x Time
Treatment
Pseudoflavonifractor
Time
Treatment x Time
Treatment
Lachnospiraceae*
Time
Treatment x Time
Treatment
Acetatifactor
Time
Treatment x Time
Treatment
Paraprevotella
Time
Treatment x Time
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Candidatus
Time
Saccharibacteria*
Treatment x Time
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df
3 , 126.0
1 , 126.0
3 , 126.0
3 , 32.2
1 , 104.6
3 , 104.6
3 , 34.7
1 , 103.0
3 , 103.0
3 , 36.1
1 , 100.8
3 , 100.8
3 , 120.0
1 , 120.0
3 , 120.0
3 , 32.9
1 , 100.5
3 , 100.3
3 , 22.0
1 , 58.0
3 , 58.0
3 , 34.4
1 , 102.7
3 , 102.6

F-ratio
1.437
2.248
0.763
2.393
0.047
1.280
1.038
0.150
1.368
0.778
0.146
0.435
0.485
0.222
1.047
0.781
2.706
0.640
0.735
11.030
0.921
0.794
0.230
0.099

Prob>F
0.235
0.136
0.517
0.087
0.828
0.285
0.388
0.699
0.257
0.514
0.703
0.729
0.693
0.638
0.375
0.513
0.103
0.591
0.542
0.002
0.437
0.506
0.632
0.961

Supplementary Table 3 (continued)
OTU # Phylum
Order
178

Firmicutes

Clostridiales

181

Firmicutes

Clostridiales

182

Bacteroidetes

Bacteroidales

183

Bacteroidetes

Bacteroidales

185

Bacteroidetes

Bacteroidales

186

Bacteroidetes

Bacteroidales

192

Firmicutes

Clostridiales

Genus

Effect
Treatment
Butyricicoccus
Time
Treatment x Time
Treatment
Lachnospiraceae*
Time
Treatment x Time
Treatment
Bacteroidales*
Time
Treatment x Time
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Porphyromonadaceae* Time
Treatment x Time
Treatment
Paraprevotella
Time
Treatment x Time
Treatment
Lachnospiraceae*
Time
Treatment x Time
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df
3 , 128.0
1 , 128.0
3 , 128.0
3 , 31.7
1 , 58.5
3 , 58.2
3 , 31.3
1 , 83.4
3 , 80.8
3 , 34.5
1 , 103.6
3 , 103.5
3 , 31.9
1 , 99.9
3 , 99.7
3 , 33.5
1 , 99.3
3 , 98.7
3 , 36.4
1 , 96.8
3 , 96.5

F-ratio
2.642
1.106
1.262
0.463
0.042
0.932
1.469
4.295
2.756
0.320
0.337
2.552
2.012
0.130
0.907
0.098
0.373
0.187
3.416
2.395
0.040

Prob>F
0.052
0.295
0.290
0.710
0.838
0.431
0.242
0.041
0.048
0.811
0.563
0.060
0.132
0.720
0.441
0.961
0.543
0.905
0.027
0.125
0.989

Supplementary Table 4. Significant abundances by genus (top 100 OTUs). Direction column indicates significant differences by
treatment (a, c) or changes across time (b) (A: LDP, B: LDS, C: SDP, D: SDS, dec: decreasing over time, inc: increasing over time).
Denominator partial df based on Kenward-Roger first order approximations with Kacker-Harville corrections. *OTU could not be
classified at the genus level.
Effect

a. Treatment

Phylum
Actinobacteria
Deferribacteres
Firmicutes
Proteobacteria
Bacteroidetes

b. Time

Candidatus
Saccharibacteria
Firmicutes

Bacteriodetes
c. Treatment
x
Time

Deferribacteres
Firmicutes
Proteobacteria

Genus
Coriobacteriaceae*
Denitrovibrio
Butyricicoccus
Lachnospira
Stomatobaculum
Veillonellaceae*
Desulfovibrio

df
3 , 34.5
3 , 33.8
3 , 34.3
3 , 34.4
3 , 34.2
3 , 33.6
3 , 33.9

F-ratio
5.061
2.977
5.762
3.819
3.103
4.127
2.889

Prob>F
0.005
0.045
0.003
0.018
0.039
0.014
0.050

Difference
A>D
A>D
A>D
B > D, C < D
A>D
A > D, C < D
A>D

Bacteroides
Parabacteroides
Candidatus
Saccharibacteria*
Erysipelotrichaceae*
Gracilibacter

1 , 108.2
1 , 109.0

12.654
5.928

0.001
0.017

inc
inc

1 , 108.7

4.959

0.028

dec

1 , 108.5
1 , 108.9

4.302
7.519

0.040
0.007

dec
dec

Prevotella
Alloprevotella
Barnesiella
Porphyromonadaceae*
Deferribacteraceae*
Eubacterium
Sharpea
Gammaproteobacteria*

3 , 108.5
3 , 108.7
3 , 108.2
3 , 108.7
3 , 109.0
3 , 109.2
3 , 108.7
3 , 109.3

4.423
4.564
3.115
3.673
2.702
2.676
3.652
2.965

0.006
0.005
0.029
0.015
0.049
0.051
0.015
0.035

C>D
C>D
A>D
B>D
C>D
A>D
A > D, B < D
A < D, C > D
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1. INTRODUCTION
The interrelationships between gut microbiota and host are an increasingly important area
of research, with mounting evidence indicating that the microbiota can play significant
roles in the development and maintenance of host physiology and behavior (1-4).
Dysbiosis, defined as an imbalance of the microbiota from a “normal” state (5), has been
implicated in the etiology and/or persistence of gastrointestinal diseases (6-8), mood
disorders (9-11), and neurodegeneration (12-14), among other conditions. Gut microbiota
can also affect host behavior, including exploratory (15), motor (16, 17), and social (1820) behaviors. The mechanisms of communication between the host and the gut
microbiota have not been fully resolved, but communication likely involves humoral
signals, direct neural signaling, as well as indirect signaling via other host or bacterial
pathways (21-23). Although the mechanisms underlying the host-gut relationship are
complex and remain largely uncharacterized, it is evident that the brain and the gut
microbiota are communicating. Previous work has not only confirmed that the
composition of the gut microbiota is photoperiod-dependent (24, 25) but also established
a role for the pineal gland in mediating seasonal changes in the gut microbiota of Siberian
hamsters (Phodopus sungorus; (26)). These connections highlight the need for further
exploration to elucidate the relationships among brain, microbiota, behavior, and
environment.
Photoperiodic shifts in mammalian behavior and physiology have long been investigated
(27). Siberian hamsters are a classic model organism in the study of photoperiodism (28),
as they undergo robust seasonal changes in a number of phenotypic measures.
Furthermore, many of these changes are readily apparent and/or quantifiable, making
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them an ideal study model. For instance, their pelage color changes from agouti in the
summer to white in the winter (29) and they lose up to one third of their body mass in the
winter (30). The Siberian hamster reproductive tract regresses in the winter (rendering the
animals incapable of reproducing during the short winter days), but then recrudesces, so
that reproductive function is restored by spring (31). Other rhythmic seasonal changes
include body temperature, immune function, aggression, and social behavior (32).
Seasonal rhythms are mediated by a central communication system that involves
translation of photoperiod cues (i.e., day length) into physiological cues (e.g., hormone
signals). Briefly, light information impinges on photoreceptors in the retina and traverses
to the suprachiasmatic nucleus (SCN) via the retinohypothalamic tract. The SCN projects
to the pineal gland and drives the rhythmic synthesis and secretion of pineal melatonin
(MEL; (27)). MEL is only secreted during the dark phase; thus, the duration of the MEL
signal is directly proportional to night length (and therefore inversely proportional to day
length; (33)). MEL signals communicate information about photoperiod to a variety of
central and peripheral targets. Although the central pathway underlying photoperiodic
time measurement has been investigated, there is still much to learn about the
mechanisms underlying seasonal changes in both central and peripheral physiology, as
well as behavior. In particular, the seasonal regulation of aggressive behavior has not
been fully characterized. It is established that Siberian hamsters are significantly more
aggressive during short photoperiods (34), despite this being the season during which
circulating gonadal steroid levels and reproductive activity are at their nadir (35).
Previous studies of aggression in Siberian hamsters indicate a role for MEL (36), gonadal
steroid secretion (or lack thereof; (35, 37)), seasonal alterations in gonadal steroid
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receptor patterns (34), and adrenocortical steroids (38) in mediating seasonal aggression.
However, the precise signals and systems involved in the expression of aggression have
not been fully characterized. Recently, the gut microbiota has also been implicated in the
seasonal aggression of Siberian hamsters (24), opening a promising new avenue to
explore the physiology underlying aggression. Thus, our goal was to further explore and
clarify the relationships between gut microbiota and seasonal aggression.
We used fecal microbiota transplants (FMT) to manipulate gut microbiota within
treatment hamsters with microbial communities from donor hamsters. FMT is a proven
method for transplanting gut bacteria (39, 40), and it has been increasingly utilized in
health science research (41-43). FMT is now employed as a therapeutic for human
gastrointestinal disorders (44), with further applications for neurology (45), and various
other conditions (41) currently in development. FMT is often implanted into a germ-free
(GF) recipient animal: a GF animal represents a “blank slate” environment, which not
only simplifies the engraftment of the transplant, but also the linkage between specific
bacteria to specific physiological and/or behavioral outcomes (46). However,
development of the metabolic, gastrointestinal, neurological, and immune systems in GF
animals is not normal (46-48), and furthermore, since GF animals do not occur in nature,
these models are not as biologically relevant as a conventional animal model; for these
reasons, we did not use GF animals in the present study. We believe that the Siberian
hamster—with its robust seasonality and readily observable shifts in physiology and
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behavior— represents a highly relevant model for utilizing FMT to investigate the
relationships among gut microbiota, behavior, and photoperiod.
While research into mammalian microbial communities often focuses on gut
communities (generally through examination of fecal pellets), other body compartments
house distinct communities, including the mouth (49), lungs (50), reproductive tract (51),
and skin (52), among others. Often, however, these compartments are not fully
independent (i.e., connections between the gut and other bodily compartments exist,
allowing for microbial movement between interconnected systems), but this
interconnectivity has been poorly studied. In addition to the gut microbiota, in the present
study we were interested in exploring the potential roles for microbes outside of the gut
in regulating seasonal behavior. Hamsters have large cheek pouches as well as a
functional cecum; both tissues contain microbial communities, and they are connected to
the gastrointestinal tract, providing food storage (53) and digestive (54) functions (both
cheek pouch and cecum are anaerobic environments). Thus, if a gut-brain connection
exists, it cannot be precluded that hormonal or enzymatic production does not have its
genesis in connecting bodily compartments, and products may get translocated (as seen in
other animals, such as Bankia setacea; (55)) into the gut for ultimate signaling
development. To the best of our knowledge, neither the cecum nor cheek pouches had
been studied in the context of microbiota and behavior. As such, we included cheek
pouches and ceca in the current investigation.
The goal of the present study was to further clarify the interactions between photoperiod,
microbiota, and host behavior. We hypothesized that if the composition of the gut
microbiota drives seasonal changes in host behavior, then FMT from hamsters in a long
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photoperiod should alter the behavior of host hamsters housed in a short photoperiod, and
vice-versa. Alternatively, we hypothesized that seasonal aggression could be related to
photoperiodic differences in cheek or cecal microbiota.

2. RESULTS
Exclusions
Two hamsters from the SDfl group and one hamster from the SDfs group (Figure 1) failed
to exhibit testicular regression; these hamsters were classified as nonresponders and
excluded from analyses. One hamster from the LDfl group (Figure 1) died (reason
unknown) on Week 3 of the study. The final treatment group numbers after these
exclusions were: LDfl = 3, LDfs = 8, SDfl = 6, SDfs = 3, LD-control = 20.
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Figure 1.

LDfl

LDfs

• LD hamster + LD FMT
• N=4

• LD hamster + SD FMT
• N=8

SDfl

SDfs

• SD hamster + LD FMT
• N=8

• SD hamster + SD FMT
• N=4

Slurry donors

LD-Control

• LD (N = 3)
• SD (N = 3)
• Fecal samples used to make donor
slurries
• Unrelated to any other group

• LD controls
• Used only as “intruders” in the R-I
tests
• N = 24

Figure 1. Treatment group information. FMT: fecal microbiota transplant, LD: long day,
SD: short day, R-I: resident-intruder.

Body mass, testicular measurements, and food intake
Body mass (BM) was dependent on photoperiod, but not treatment, at both the start and
end of the study. On Week 0, there were significant differences in BM between long day
(LD) and short day (SD) (one-way ANOVA: F3,19 = 7.02, p = 0.003), where both LD groups
had significantly higher BM than SDfs hamsters, but not SDfl hamsters (LS Means ± SE
[g]: LDfl = 35.98 ± 2.09, LDfs = 36.45 ± 1.28, SDfl = 32.50 ± 1.48, SDfs = 25.67 ± 2.10).
However, by Week 5, LD hamsters were significantly heavier than both SD groups (oneway ANOVA: F3,19 = 50.43, p < 0.001 [LS Means ± SE [g]: LDfl = 34.23 ± 1.03, LDfs =
37.08 ± 0.63, SDfl = 28.83 ± 0.73, SDfs = 23.88 ± 1.03]; Figure 2A).
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Figure 2.
A.
W0
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^
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SDfs
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_______________________
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0
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LDfs

SDfl

SDfs

Figure 2. Somatic responses over time. Body mass (A) and paired testes mass (B), Week
0 versus Week 5. A. * SDfl W5 < SDfl W0 (p < 0.001) and SDfl W5 < LD groups (p <
0.001); ^ SDfs W0 < LD groups (p = 0.003); ** SDfs W5 < SDfs W0 (p < 0.001) and
SDfs W5 < all other groups W5 (p < 0.001). B. # W5 < W0 (p <0 .001);
SD groups <
LD groups (p < 0.001). BM: body mass, PTM: paired testes mass, LD: long day, SD:
short day, W0: week 0, W5: week 5.
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Testes were larger in LD as compared to SD hamsters at both Weeks 0 and 5, regardless
of treatment (one-way ANOVA: Week 0: F3,19 = 44.28, p < 0.001 [LS Means ± SE [mg]:
LDfl = 789.03 ± 51.11, LDfs = 773.62 ± 31.30, SDfl = 319.36 ± 36.14, SDfs = 319.42 ±
51.11]; Week 5: F3,19 = 151.38, p < 0.001 [LS Means ± SE [mg]: LDfl = 726.90 ± 40.36,
LDfs = 705.49 ± 24.72, SDfl = 40.90 ± 28.54, SDfs = 43.93 ± 40.36]; Figure 2B).
Food intake was independent of photoperiod throughout the study (one-way ANOVA:
Week 0: F3,19 = 0.42, p = 0.738; Week 5: F3,19 = 0.98, p = 0.425).

Resident-Intruder paradigm: aggressive behavior
The number of aggressive bouts was significantly greater in the short day housed hamsters
that were transplanted with short day microbiota (SDfs) as compared to all the other groups,
none of the other groups differed from each other (one-way ANOVA: F3,16 = 12.44, p <
0.001; Figure 3A).
The latency to first attack was significantly greater in the long day housed hamsters
receiving long day microbiota (LDfl) as compared to hamsters housed in short day lengths
that received short day microbiota (SDfs). Latency to attack in the groups that received the
opposite microbiota (LDfs and SDfl groups) was intermediate and did not differ from any
other group (one-way overall ANOVA: F3,16 = 2.15, p = 0.134; planned comparisons of
LDfl vs SDfs, PLSD: p = 0.032; Figure 3B).
The total duration of attacks differed among the treatment groups (one-way ANOVA: F3,16
= 4.5, p = 0.018). Short day housed hamsters receiving short day microbiota (SDfs)
exhibited a greater duration of aggression as compared to both LD groups (PLSD: p <
0.010 for each comparison) while the short day housed hamsters that received long day
107

microbiota (SDfl) exhibited an intermediate response and did not differ from any other
group (PLSD: p > 0.071 for each comparison; Figure 3C).
Figure 3.
A.
70

*

Bouts (#)

60
50
40
30
20
10
0

LDfl

LDfs

SDfl

SDfs

B.
140

a
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a,b

a,b
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0
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LDfs
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C.
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Figure 3. Treatment differences in aggressive behavior. Number of aggressive bouts (A),
latency to first attack (B), and total duration of aggression (C). A: SDfs > all other groups
(* p < 0.001). B. LDfl > SDfs (a > b, p = 0.032). C. LD groups < SD groups (a < b, p =
0.018).
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Determination of bacterial community types
Communities were demarcated into four community types (CT) based on Dirichlet
multinomial mixture analysis (Figure S2). CT demarcation was optimized into Dirichlet
components using minimum Laplace approximations. Each partition had similar
community variability except CT3, which was much more heterogeneous (CT1 θ=2371.45,
CT2 θ=1713.12, CT3 θ=125.08, C4 θ=1321.02). These CT data were used in likelihood
based contingency analyses for all sample types.

Community types across samples
Neither photoperiod nor treatment affected the distribution of community types in cheek
and cecum samples. Overall, fecal sample communities were significantly different than
the other sample types (χ2 = 100.93, df = 6, p < 0.0001) but did include some overlap with
cecum and cheek community types (Figure 4). LEfSe analysis indicated differences in the
families and numbers of enriched operational taxonomic units (OTU) by sample type (75
in cheek, 168 in cecum, and 142 in fecal); the families, numbers and relative abundances
of OTUs within each sample type are listed in Table S2.

Fecal samples: Community difference in donor slurries
PERMANOVA results indicated that microbiota communities were significantly different
in LD versus SD donor slurries (F1,5 = 5.27, p = 0.014). Further, there were 81 differences
in relative OTU richness, with 56 OTUs enriched in LD slurries, and 25 OTUs enriched in
SD slurries in our LEfSe analysis (Table S3).
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Figure 4. Community types (CT) by tissue at Week 5. Cecum and cheek pouches were
100% demarcated into CT4 and CT3, respectively. Fecal samples were classified as a
mixture of CT1 (42.6%), CT2 (33,9%), CT3 (3.5%), and CT4 (20.0%).

Treatment differences of communities
CT over time (Week 0 vs. Week 5): FMT treatment did not significantly change the
composition of CT from Week 0 to Week 5 in LDfl, LDfs, or SDfs (Table 1; Figure 5A,
B, D). There was, however, a significant change in SDfl. On Week 0 versus Week 5, CTs
in SDfl were marginally different with Likelihood Ratio analysis (χ2 = 5.545, p = 0.063, df
= 2); however, given the small number of samples and that the expected number of
occurrences were less than five, we further examined this trend using a Cochran-Armitage
trend test. This analysis confirmed that over time, the CTs in SDfl significantly changed
in both ratio and identity (Z = -2.0, p = 0.046; Table 1; Figure 5C). Furthermore, analysis
of individual hamster CTs revealed that only one hamster across both LD groups had a
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different CT on Week 0 versus Week 5 (i.e., 91% of LD hamsters had the same CT preand post-FMT). In contrast, only 67% of SD hamsters had the same CT on Weeks 0 and 5.
Table 1.
Treatment
LDfl
LDfs
SDfl
SDfs

χ2
0
0
5.545
1.588

p > χ2
1
1
0.063
0.208

Z
0
0
-2
-1.095

p >|Z|
1
1
0.046
0.273

Table 1. Community types across treatments, Week 0 vs Week 5. Cochran-Armitage
trend testing (Z) indicates that the composition of CT in SDfl changed significantly over
time (p = 0.046).

CT within groups (LD and SD, Week 5): Treatment did not affect CT composition within
LD groups: LDfl was not significantly different to LDfs on Week 5 (Χ2 = 2.847, p = 0.241,
df = 2). However, there was an effect of treatment within SD groups: the CTs in SDfl and
SDfs differed significantly from one another on Week 5 (χ2 = 7.638, p = 0.022, df = 2).
SDfs was dominated by CT 1, whereas SDfl was dominated by CT 2 (Figure S2).
Taken all together, the CT results suggest that LD hamsters may be more resistant to
microbiota perturbation than SD hamsters. Furthermore, it is interesting to note that SDfl
hamsters were the only group to show changes in CT along with changes in aggressive
behavior.
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Figure 5. (continued on the following page)
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Figure 5 (continued)
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Figure 5. Community type (CT) distributions by treatment group, Week 0 vs Week 5.
SDfl (C) communities changed significantly in ratio and identity over time (Z = -2.0, p =
0.046). CTs in LDfl (A), LDfs (B), and SDfs (D) did not change significantly over time
(see Table 1 for statistics).
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OTUs and aggression
LEfSe analysis revealed that three OTUs (from within the top 95 most abundant OTUs)
were enriched in a subset of SDfl hamsters (Table 2). These OTUs were enriched in two
SDfl hamsters that displayed the pronounced aggressive behavior typical of the SD
photoperiod, suggesting that elevated levels of these taxa may be related to aggressive
behavior (or, conversely, that diminished levels of these taxa may be related to lack of
aggression).
Several OTUs were also correlated with aggression (ZINB regression, top 95 OTUs): ten
OTUs were correlated with aggression at α ≤ 0.05, and an additional eight OTUs were
correlated at α ≤ 0.1 (Table S4). These OTUs represent nine genera (and/or families, where
genus could not be identified). After ZINB regressions, we followed with simulations using
our predictive model (10,000 iterations) and found that 88 OTUs correlate significantly
with aggression (13 positive, 75 negative; p < 0.05), further suggesting tight linkages
between OTU abundance and aggression.
Table 2.
OTU
#
31
57
120

Phylum

Order

Genus

LDA

Bacteroidetes
Proteobacteria
Candidatus
Saccharibacteria

Bacteroidales
Desulfovibrionales
Candidatus
Saccharibacteria

Muribaculum
4.452
Desulfovibrio
3.512
Candidatus
3.151
Saccharibacteria*

pvalue
0.028
0.028
0.049

Table 2. Enriched OTUs in aggressive SDfl hamsters. Operational taxonomic units
(OTU) significantly enriched in aggressive phenotype SDfl hamsters. LDA was
calculated using LEfSe analysis. * OTU could not be identified at the genus level.
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3. DISCUSSION
The relationships among the brain, gut microbiota, physiology, and behavior are
complex, and considering photoperiod within this network creates an additional layer of
complexity. In the present study, we begin to characterize this network by investigating
the relationship between the seasonal gut microbiota and seasonal behavior. Previous
results have established that the gut microbiota changes seasonally (25) and that many of
these changes are dependent on the pineal gland (26). This left unanswered the question
of whether changes in the gut microbiota are merely another photoperiod-dependent
measure, or, alternatively, whether seasonal changes in the gut microbiota may drive
other seasonal rhythms in physiology and behavior. The present results firmly establish
the latter, that seasonal changes in the gut microbiota drive seasonal changes in
aggressive behavior. We found that multiple measures of aggressive behavior were
impacted by transplanting microbiota from the opposite photoperiod. For example, SD
(short day) hamsters implanted with LD (long day) gut microbiota displayed a reversal in
seasonal aggression with respect to both the number and duration of attacks: Thus, these
hamsters expressed LD-like low levels of aggression rather than the typical SD-like
increase in aggression. The results also indicate intermediate aggressive behavior with
regard to the latency to attack in LD housed hamsters that received SD microbiota. We
also found numerous correlations between individual OTUs and aggressive behavior.
These results support our hypothesis that photoperiod-dependent changes in the gut
microbiota are a driver of seasonal changes in aggression. Furthermore, we found that
although the microbiota in cheek pouches, cecum, and feces all differed from one
another, the composition of microbiota in cheek pouches and ceca were independent of
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photoperiod and FMT. We thus rejected our alternative hypothesis that seasonal behavior
is driven by photoperiod-dependent changes in cheek and/or cecum microbiota.
Despite the lack of photoperiodic or treatment differences, the cheeks and ceca
still provide important insights into the distribution of microbial communities throughout
the body. It is interesting to note the differences in the composition of cheek versus
cecum versus fecal microbiotas. The lack of significant overlap in community types
between cheek and fecal samples is noteworthy. Hamsters are coprophagous: they
consume feces and often store fecal pellets within their cheek pouches. Additionally,
there was a possibility of unintentionally depositing some of the donor fecal microbiota
in the recipient mouth during the oral-gastric gavage procedure. Given these factors, we
could have expected more similarity in fecal and cheek microbiotas. Furthermore, we
could have expected more overlap between cecum and fecal microbiotas, due to both
their close physical proximity and the integration of the cecum within broader GI
physiology (56). The interesting lack of overlap in our results is an indicator of the
diversity of microbial environments, even within a single host system. Overall, the
significant differences in CTs throughout the hamster body demonstrate that there is a
microbial gradient between tip and tail.
The composition of the gut microbiota affects host behavior (10, 57, 58), though
the mechanisms by which this occurs have not been fully characterized (22, 59, 60). Our
results indicate that the microbiota plays a significant role in seasonal changes in
aggression. We found various relationships between individual OTUs and aggression.
The 10 OTUs that were significantly correlated (p < 0.05) with aggression were all
negatively correlated, suggesting that higher levels of aggression are associated with
116

lower levels of these bacteria. These OTUs all belong to the orders Bacteroidales and
Clostridiales, with 6 of these belonging to the genus Muribaculum. This genus has only
recently been recognized, and the exact role of these bacteria in host-microbe interactions
has not been fully explored (61). However, genome analysis of the newly proposed
family Muribaculaceae suggests that genera such as Muribaculum are involved in
metabolizing a range of carbohydrates (62). It is possible that Muribaculum and the other
significantly correlated OTUs have some form of direct effects on behavior: perhaps the
quantities of these bacteria, or even their presence itself, drive behavioral outputs. It is
also possible that these bacteria affect behavior in an indirect fashion: perhaps the
actions, metabolites, or byproducts of these bacteria are part of a larger signaling cascade
that ultimately affects behavior.
Though the overall model for duration of aggression indicated an intermediate difference
between the SDfl and SDfs groups, it is interesting to note that whereas four hamsters
displayed LD-like non-aggression, two hamsters displayed higher duration more typical
of SD. Interestingly, bacteria from three orders were significantly enriched in the two
aggressive SDfl hamsters but were not enriched in the four SDfl hamsters that exhibited
the reversed (non-aggressive) phenotype. One of these elevated bacteria was the genus
Desulfovibrio (order Desulfovibrionales). Desulfovibrio is a genus of sulfate-reducing
bacteria (63) that produce propionic acid (64). Propionic acid (PPA) can cross the gutblood barrier and the blood-brain barrier (65), it is neuroinflammatory (66), and a
disruptor of neurotransmitter activity (67). Administration of PPA increased expression
of aggressive behaviors in a rat model (64). Furthermore, the microbiota of human and
animal models of Autism spectrum disorder – which are characterized by elevated
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anxiety and aggression (68)– contain higher than normal levels of PPA and enteric
bacterial PPA producers, including Desulfovibrio (63, 69-72).
It is interesting to note that Muribaculum was negatively correlated with
aggression when considering all individuals from all four treatment groups, as discussed
above. However, within the SDfl group, Muribaculum was positively correlated with
aggression: it was only enriched within the two individuals that did express the typical
SD levels of aggression. The positive versus negative relationships may reflect speciesspecific effects. In the present study we determined bacterial taxonomy to the level of the
genus, as identification of bacterial species can be dubious (73, 74). The functions of
species can vary within a single bacterial genus (58, 60, 75-77), making it difficult to
characterize the role of an entire genus and/or higher taxonomic level. This is important
to consider when investigating the functional relevance of the gut microbiota on the host.
Though we did not specifically investigate the effects of Muribaculum, Desulfovibrio, or
any of the other significant bacteria in the current study, it is possible that these bacteria
(and/or their metabolites) play a direct or indirect role in the regulation and expression of
aggression. While the results of the present study support a direct role for the overall
composition of the gut microbiota in the expression of seasonal aggression, the
relationships between individual bacterial taxa and aggression are correlative. Further
investigation of the functional significance of individual bacteria on seasonal behavior is
needed to clarify these interactions.
Disturbance of the gut microbiota and its metabolome can also elicit changes in
host physiology and behavior (8, 78, 79). Perturbation of the microbiota— known as
dysbiosis (5)— is characterized by an imbalance in the enteric gut flora (80). Dysbiosis
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has been increasingly linked to pathologies, including neurodegenerative (12-14), mood
(9-11), gastrointestinal (6-8), and immune system (81-83) disorders. The relationship
between dysbiosis and disease indicates that the microbiota may play a significant role in
the establishment and maintenance of host health. Furthermore, the microbiota shifts with
age (84-86), photoperiod (24-26), and time of day (87-89). These temporal shifts suggest
that changes in host physiology, health, and behavior across developmental stages and
life-history events may be at least partly regulated by cyclical changes in the gut
microbiota. Our current results support the hypothesis that seasonal fluctuations of
behavior are related to temporal fluctuation of the microbiota.
In the present study, we transplanted hamsters with gut communities that were either
similar (LDfl and SDfs groups) or significantly different (LDfs and SDfl groups) from
their own. The results indicate a more robust response in aggressive behavior to
microbiota transplant in SD housed hamsters as compared to those in LD. One
explanation for this difference may be related to differences in the susceptibility of the
different phenotypes to dysbiosis. It is possible that there is a greater resistance to
dysbiosis in LD housed hamsters because maintaining gut homeostasis may provide
selective advantages relating to socialization, reproduction, and/or health during spring
and summer. As with immunity and reproduction, resistance to dysbiosis may thus be
regulated as a seasonal trade-off.
Despite increasing evidence that the gut microbiota significantly influences host
behavior and physiology, it is important to note that communication between microbiota
and host is bidirectional (75). This suggests that signals deriving from the host can
influence gut community. Furthermore, the bidirectional nature of the microbiota-host
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relationship suggests that the actions of the microbiota on the host may be modulated by
host-related factors, including genetics (90), endocrine signaling (91), and immune
function (92). The groups of hamsters in this study were inherently different: half
expressed the summer-like LD phenotype, and half expressed the winter-like SD
phenotype. As such, the microbiota transplants were introduced into two different
phenotypic backgrounds. Additionally, the FMTs were transplanted into two different gut
environments—we did not use a germ-free rodent model, so the transplanted bacteria
would also have initially interacted with seasonally-different communities of bacteria.
We did not investigate the photoperiod-dependent intermicrobial interactions, nor did we
investigate how the seasonal physiologies differed in terms of host-gut communication
mechanisms.
Although our results are consistent with a multitude of studies showing that fecal
microbiota transplant alters the gut microbiota, and that the gut microbiota does impact
the host, there is a need for further investigation of the host’s role in regulating the
microbiota. However, the current results do indicate that manipulation of the gut
microbiota induces shifts in behavior, as well as opening a new avenue of investigation
regarding seasonal regulation of aggression. In sum, the present study represents a new
tool to explore photoperiodism and behavior, and it contributes towards a better
understanding of the relationships between microbiota, host, and environment.
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4. MATERIALS AND METHODS

Animals and housing
Male Siberian hamsters (Phodopus sungorus) (N = 54) from the University of Memphis
breeding colony were housed in propylene cages (28 × 17 × 12 cm) and given ad libitum
access to food (Teklad Rodent diet 8640, Envigo, Madison, WI) and filtered tap water.
All animals were exposed to a 16:8-hr light-dark cycle (long day [LD]) until 3-4 months
of age. Ambient temperature in the room was maintained at 21°C ± 0.5, and relative
humidity of 50 ± 2%. Upon reaching 3-4 months, 12 animals were transferred to a room
with identical conditions, but with a 10:14-hr light-dark cycle (short day [SD]). LD
animals (N = 36) and SD animals remained in their respective rooms for 6 weeks, until
the start of the study. SD fecal pellet donors (N = 3) were moved to SD conditions 8
weeks before the start of the study.

Procedures
Body mass, food intake, and testicular measurements
Body mass (BM; g ± 0.01 g) was measured once weekly, at the same time and day, for
the duration of the study (Weeks 0-5). Food was weighed weekly (g ± 1 g), three hours
prior to the dark phase, and food hoppers were refilled once per week, following food
weighing.
Photoperiodic response was determined using estimated testes volume (ETV, mg ± 0.01
mg; testis length by width squared (93)). Testis measurements were obtained using
analog calipers while animals were under light anesthesia (3% isoflurane and medical
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oxygen at a flow rate of 3 L/min). ETV was measured on weeks 0, 2, and 4, on the same
day and time. At the termination of the study (Week 5), testes were surgically removed
and weighed for final measurement of paired testes mass (PTM, mg ± 0.01 mg). All
testes measurements (both ETV, as well as PTM) are jointly referred to as PTM. A
reduction of ≥30% PTM by Week 5 was classified as gonadal regression (93, 94).
Animals that failed to exhibit ≥30% decreases in testis size were classified as SD
nonresponders and were excluded from all subsequent analyses.

Treatment groups
Hamsters were randomly assigned into one of six groups: LDfs, SDfl, LDfl, SDfs, LDcontrol, or donors (Figure 1). LDfs: hamsters housed in long day [LD] conditions, which
received FMT from a short day [fs] donor (N = 8). SDfl: hamsters housed in short day
[SD] conditions, which received FMT from a long day [fl] donor (N = 8). LDfl: hamsters
housed in long day [LD] conditions, which received FMT from a long day [fl] donor (N =
4). SDfs: hamsters housed in short day [SD] conditions, which received FMT from a short
day [fs] donor (N = 4). LD-control: control hamsters housed in long day conditions,
which did not receive FMT, and served as the “intruders” in the resident-intruder dyads
(N = 24). LD and SD donors: hamsters from which fecal pellets were collected and used
for FMT. These hamsters were unrelated (parental or sibling) to any other animals used
in the study, and they did not receive FMT or participate in the resident-intruder dyads.
SD donors were transferred to SD conditions 8 weeks before sample collection (N = 3
LD donors; N = 3 SD donors). The donor fecal materials for each treatment were
homogenized and aliquoted into FMT doses and kept at -80°C until transplantation.
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Oral gavage: PEG cleansing and FMT
Oral-gastric gavage is a method used for infusion of materials directly into the gut of a
recipient. Hamsters underwent FMT via oral-gastric gavage; methods followed those
described by Wrzosek et al. (47) with some modifications. Briefly, On Week 1 (Day 1) of
the study, all treatment hamsters received two gavages (200 μl each) of polyethylene
glycol (PEG; PEG 4000, Alfa Aesar, Ward Hill, MA) to cleanse the bowel contents and
allow the donor’s transplanted microbiota to establish in its new host (47). Four hours
after PEG administration, treatment animals underwent oral gavage with the
corresponding FMT (either LD or SD slurry). Each hamster underwent oral gavage with
200 μl of FMT slurry on Day 1, as well as once weekly on weeks 2, 3, and 4. Fecal
samples from treatment animals were collected on Weeks 0 and 5 and immediately
frozen (-80° C). Extra aliquots of FMT slurries were retained to be included in our
sequencing libraries. Oral gavages and all fecal sample collections occurred on the same
day of each week, and within the first 2 hours of the dark phase of the light:dark cycle. A
full description of gavage methods and materials can be found in the supplementary
methods.

Resident-Intruder paradigm
The resident-intruder (R-I) paradigm was conducted on Week 5 to quantify the effects of
FMT on aggressive behavior. The R-I procedure involves placing an “intruder” animal
into the home cage of a “resident” animal and observing the subsequent displays of
aggressive behaviors (95). Each R-I dyad lasted 10 min and was filmed to allow
behavioral analyses at a later time (34). To control for circadian variation in behavior and
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gut microbiota composition, each R-I dyad took place within the first 2 hours of the dark
phase of the light:dark cycle. This is a model method for studying Siberian hamster
behavior, and procedures followed those previously described (34, 59-63; see
supplementary information for full R-I methods).
Following R-I testing, experimental hamsters were euthanized. The cecum and both
cheek pouches were collected from each hamster. After extracting each cecum, the
interior was scraped clean and only the internal contents were retained. The cheek
pouches were collected whole. The cecal contents and cheeks were immediately frozen (80° C) following collection.
All experimental procedures and husbandry were approved by the University of Memphis
Animal Care and Use Committee (Protocol #815) and comply with the criteria
established by NIH Guide for the Care and Use of Laboratory Animals.

DNA extractions and library preparation
Methods for DNA extraction and library preparation followed those previously outlined
(26, 96). Bacterial amplicon libraries were generated by amplifying the 16S (V4)
ribosomal RNA (rRNA) region. Primary (1°) and secondary (2°) PCRs were conducted in
25 μL reactions. See supplementary methods for a complete description of methods.

Bioinformatics
Sequence data were processed using the program mothur (v.1.44.2; (97)), generally
following Shor et al. (26). See supplementary information for a full description of
bioinformatics methods, and for sequencing results.
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Statistical analyses
Weekly food intake was calculated as grams of food consumed per gram of BM. Oneway Analysis of Variance (ANOVA) models were used to analyze PTM, BM, and food
intake against treatment (LDfl, LDfs, SDfl, SDfs). Treatment differences in aggression
(latency to first attack, duration of aggression, number of aggressive bouts) were also
analyzed using one-way ANOVA. Where applicable, post-hoc planned comparisons
including Tukey’s HSD or Fisher’s PLSD test were used to identify treatment
differences.
To investigate community shifts among treatments, we utilized a Dirichlet multinomial
mixture (DMM) analysis (98, 99) to classify OTUs into unique community types (CT).
The CTs created via DMM represent metacommunities (enterotypes) whereby each CT
represents a group of OTUs that behaves and responds similarly across experimentation.
These data were analyzed using χ2 Likelihood Ratio tests to test if the distributions of
CTs within groups differed over time, as well as between groups on Week 5 (terminal
experimental date). Because of the relatively small number of samples, and that the
expected number of occurrences within some combinations was less than five, we
verified obtained results using Cochran-Armitage trend tests for Week 0 vs. 5
comparisons.
Additionally, to identify OTUs that differed in abundances between LS and SD donors
(biomarkers) we used Linear Discriminant Analysis (LDA) Effect Size as implanted in
mothur (LEfSe; (100)). LEfSe analysis was also used to identify biomarker OTUs
disproportionally found within FMT treatment groups.

125

To examine the relationships between individual OTUs and aggressive behavior, we
utilized zero-inflated negative binomial (ZINB) generalized regression analyses. Only
OTUs with a total global relative abundance greater than 0.1% underwent ZINB
regressions (95 most abundant OTUs). Due to the relatively small number of sample
animals at Week 5 and the large number of zero values that may impact robustness of
regression results, we also simulated data based on obtained regression results to
determine directionality of OTU correlations with aggression. Using JMP Pro v.15, we
simulated OTU data using 10,000 iterations (randomized by model factors) for each OTU
(within the top 95) to confirm and predict the direction and significance of all correlations
in the context of a larger sample pool. Simulated OTU data was tested to see if they were
correlated with scored aggression values using the nonparametric Spearman's ρ.
Additional information regarding the statistics can be found in the supplementary
information.
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SUPPLEMENTRY INFORMATION
Supplementary Results
Sequencing
After quality control, including exclusion of rare OTUs, we retained ~2.6 million
sequences, representing 3,513 demarcated OTUs. The communities were dominated by
two phyla: Firmicutes (55.9%) and Bacteroidetes (26.5%). Firmicutes was dominated by
the families Lachnospiraceae (52.7%), Ruminococcaceae (21.9%), and Lactobacillaceae
(14.4%). Bacteroidetes was dominated by the families Porphyromonadaceae (93.4%) and
Prevotellaceae (4.5%).
Supplementary Methods
Oral gavage: PEG cleansing and fecal microbiota transplant
Oral-gastric gavage is a method used for infusion of materials directly into the gut of a
recipient. Hamsters underwent fecal microbiota transplant (FMT) via oral gavage;
methods followed those described by Wrzosek et al. (1) with some modifications.
PEG cleansing: First, bowel contents of anesthetized animals were cleansed with a
gavage of polyethylene glycol (PEG; PEG 4000, Alfa Aesar, Ward Hill, MA). PEG
primes the gut for transplantation by expelling the endogenous intestinal microbiota,
allowing the donor’s transplanted microbiota to establish in its new host (1). Prior to the
start of the study, several PEG dosing regimens were tested to determine the dosage
needed to empty the intestinal contents, and thus clear the endogenous microbiota (1).
On Week 0, baseline fecal samples from all animals were collected and immediately
frozen (-80° C) for later analysis. On Week 1 (Day 1) of the study, animals were fasted
(ad libitum access to water) for one hour prior to cleansing with PEG. Treatment animals
were gavaged twice, at 20 min intervals, with 200 μl PEG (25% w:v, (1, 2)). The
combination of dose concentration and volume did not cause notable adverse effects and
was highly effective for cleansing hamster bowels.
Fecal microbiota transplant: On Day 1, four hours after the last dose of PEG
administration, treatment animals underwent oral gavage with the corresponding FMT.
Each hamster received FMT of either LD or SD slurry; donors were unrelated to any of
the other hamsters used in this study. Donor hamster slurries were prepared aseptically in
a sterile hood on Week 0: briefly, each donor hamster was held over a sterile petri dish
until fecal deposition (5 fecal pellets per donor, collected within 3 min). Fecal pellets
from all LD donors, and SD donors, respectively, were placed in a single vial,
resuspended in a 30% glycerol:PBS solution, vortexed, and strained to produce
homogenized LD and homogenized SD donor slurries. Slurries were aliquoted into
individual microcentrifuge tubes and immediately frozen (-80° C). Extra aliquots were
retained to be included in our sequencing libraries (see below).
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Each hamster underwent oral gavage with 200 ul of FMT suspension on Day 1, as well as
once weekly on weeks 2, 3, and 4 (this dosing regimen was previously shown to be most
effective in allowing establishment of the donor microbiota, while avoiding the
perturbation that comes with a higher frequency of FMTs (1)). Fecal samples from
treatment animals were collected on Weeks 0 and 5. Oral gavages and all fecal sample
collections occurred on the same day of each week, and within the first 2 hours of the
dark phase of the light:dark cycle.

Resident-Intruder paradigm
The resident-intruder (R-I) paradigm was conducted on Week 5 to quantify the effects of
FMT on aggressive behavior. The R-I procedure involves placing an “intruder” animal
into the home cage of a “resident” animal and observing the subsequent displays of
aggressive behaviors (3). This is a model method for studying Siberian hamster behavior,
as hamsters rapidly and reliably form stable hierarchal relationships, and the agonistic
behaviors they display rarely result in tissue damage (4). Because LD hamsters are nonaggressive, an LD hamster was used as the control “intruder” in each dyad (5, 6).
To control for circadian variation in behavior and gut microbiota composition, each R-I
dyad took place within the first 2 hours of the dark phase of the light:dark cycle. All
animals were moved into the testing suite 30 minutes prior to pairing, to allow for
acclimation. R-I pairings were age- and weight-matched. The LD-control “intruder” was
placed in the cage of an experimental animal that underwent FMT. Each R-I dyad lasted
10 min and was filmed to allow behavioral analyses at a later time (5). Behaviors were
categorized (i.e., lunging, boxing, and wrestling; (3, 6-8)) and scored for initial latency to
attack, number of attack bouts, and duration of attacks (4, 5, 8). Fecal samples from
experimental animals were aseptically collected, placed into individual microcentrifuge
tubes, and immediately frozen (-80° C) prior to R-I testing.
Following R-I testing, experimental hamsters were euthanized. The cecum and both
cheek pouches were collected from each hamster. After extracting each cecum, the
interior was scraped clean and only the internal contents were retained. The cheek
pouches were collected whole. The cecal contents and cheeks were immediately frozen (80° C) following collection.

DNA extractions and library preparation
Methods for DNA extraction and library preparation followed those previously outlined
(9, 10). Briefly, genomic DNA from 86 samples (40 fecal samples [each sample = 2-4
pellets per animal], 6 fecal donor slurries, 20 cheek pouch samples, and 20 ceca) was
extracted using Soil DNA Extraction Kits (IBI Scientific, Dubuque, IA, USA) following
the manufacturer’s protocol. DNA was quantified using a NanoPhotometer N60 (Implen,
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München, Germany). DNA was normalized to a 50 ng μL-1 working concentration prior
to amplicon generation.
Bacterial amplicon libraries were generated by amplifying the 16S (V4) ribosomal RNA
(rRNA) region. The V4 region of the rRNA gene repeat was amplified using the forward
primer nexF-N[3-6]-515f, and the reverse primer nexR-N[3-6]-806r, in a two-step
process (9, 11). These forward and reverse primer constructs include bacterial primers
(515f and 806r; (12)) and Nextera forward (nexF) and reverse (nexR) sequencing
primers. To increase sequence variation, bacterial primers also included 4 identical
primers comprised of ambiguous nucleotides mixed to equal molarity (N[3-6]).
Primary (1°) PCRs were conducted in 25 μL reactions (in triplicate): 2 μL (100 ng) DNA
template, 2.5 μL of each forward and reverse primer (1.0 μM concentration), 8 μL
molecular grade water, and 12.5 μL 2X Phusion Green Hot Start II High-Fidelity PCR
Master Mix (ThermoFisher Scientific, Waltham, MA, USA). PCR parameters consisted
of 98°C for 30 s, 25 cycles of 98°C for 20 s, 52.5°C annealing temperature for 30 s, 72°C
for 40 s, and final extension at 72°C for 10 min. All ramp rates were 1°C/s. All samples
were visualized using gel electrophoresis (1.5% agarose w:v in TBE).
Secondary (2°) PCRs were conducted in 25 μL reactions: 2.5 μL of 1° PCR product was
used as template DNA, 2.5 μL barcoded secondary primers, 7.5 μL molecular grade
water, and 12.5 μL PCR Master Mix (as above). The secondary primers contained the
forward and reverse primers, including the P5-i5-overlap and P7-i7-overlap (for forward
and reverse primers, respectively): P5 and P7 represent the Illumina Adaptor sequences,
i5 and i7 are 8 bp unique barcodes, and the overlap is the partial nexF and nexR sequence
that acts as the secondary PCR annealing site (11). PCR parameters were 98°C for 30 s, 8
cycles of 98°C for 20 s, 50°C for 30 s, 72°C for 40 s, and final extension at 72°C for 10
min (10). The final amplicon constructs produced after 32 cycles were P5-i5-nexF-N[36]-515f-V4-806r-N[3-6]-nexR-i7-P7. All samples were visualized using gel
electrophoresis following secondary PCR. Throughout extraction and library prep,
molecular grade water was used as a negative control. The negative control remained
visually free from contamination and obtained sequences.
Final 2° PCR products were cleaned using Axygen Axyprep Mag PCR beads (Axygen
Bioscience, Union City, CA, USA). Cleaning followed the manufacturer protocol, though
modified to use a 1:1 bead solution to reaction volume ratio (13). Cleaned PCR products
were quantified using Qubit 3.0 fluorometric assays (dsDNA HS Assay Kit;
ThermoFisher Scientific, Waltham, MA, USA), then pooled to an equal mass per sample.
The library was sequenced in a single run of Illumina MiSeq (300PE) at the Kansas State
University Integrated Genomics Facility (Manhattan, KS, USA). Paired fastq files for all
86 samples were generated by using the unique combinations of i5 and i7 sequences to
demultiplex the raw sequence data (Table S1). All sequences are deposited in the
Sequence Read Archive (SRA) at NCBI under the following accessions: BioProject
PRJNA686366, BioSamples (fecal) SAMN17116199 - 17116244, BioSamples (ceca)
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SAMN17116245 - 17116264, BioSamples (cheek pouches) SAMN17116265 17116284.

Bioinformatics
Sequence data were processed using the program mothur (v.1.44.2; (14)), generally
following Shor et al. (9). Briefly, the forward and reverse sequences were contiged and
screened. Sequences were then culled to remove ambiguous bases and merged into a
single fasta file. Primers were trimmed and retained sequences were aligned against the
SILVA reference alignment (release 138; www.arb-silva.de); off-target sequences were
excluded. Utilizing implementations within mothur, sequences were preclustered (15)
and screened for chimeras (VSEARCH; (16)). Sequences were taxonomically classified
using a Naïve Bayesian Classifier (17) against the RDP training set (bacteria; v.16). Nonbacterial lineages were culled, and distance matrices were generated without punishing
terminal gaps. Sequences were clustered into operational taxonomic units (OTU) using
OptiClust (97% similarity threshold; (18)). Taxonomic identifications for each OTU were
assigned based on the most representative sequence (centroid). OTUs with fewer than 10
sequences globally were culled (19, 20) and OTUs that did not have 100% bootstrap
support at the phylum level were confirmed to be bacterial in origin using BLASTn
(NCBI; http://blast.ncbi.nlm.nih.gov/Blast.cgi) against GenBank (nr/nt).
Statistical analyses
To confirm that initial FMT donor slurries differed (LD vs SD), we conducted a
PERMANOVA analysis (21) using the program R (v.3.3.3; adonis function, package
vegan (22)) on average Bray-Curtis (BC) dissimilarity (calculated using 1000 iterations at
an iterative subsampling depth of 5000 sequences).
ZINB was selected over other zero-inflated models as initial tests demonstrated that
ZINB was the best model based on AIC values. The ZINB regression model
accommodates for the high proportion of zeros that often characterize microbial data (2325), including that of the present study.
All statistics were conducted using a combination of JMP (JMP Pro v.15, SAS Institute
Inc., Cary, NC, USA), R, and mothur.
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Figure S1. Model fit for Dirichlet mixtures. Dirichlet model identified four Dirichlet
components (K; community types) based on minimal Laplace approximations to the
negative log evidence.
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Figure S2. Community types (CT) in SDfl versus SDfs, Week 5. SDfl (67.0% CT2) and
SDfs (67.0% CT1) were significantly different on Week 5 (χ2 = 7.638, p = 0.022, df = 2).
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Table S1. Primer sequences and MID (i5 and i7) sequences used for parsing sequences into experimental units. FMT: fecal microbiota
transplant, LD: long day, SD: short day.
Primary PCR Primers
nexF-N3-515f
nexF-N4-515f
nexF-N5-515f
nexF-N6-515f
nexF-N3-806r
nexF-N4-806r
nexF-N5-806r
nexF-N6-806r

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-NNN-GTGYCAGCMGCCGCGGTAA
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-NNNN-GTGYCAGCMGCCGCGGTAA
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-NNNNN-GTGYCAGCMGCCGCGGTAA
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-NNNNNN-GTGYCAGCMGCCGCGGTAA
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-NNN-GGACTACNVGGGTWTCTAAT
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-NNNN-GGACTACNVGGGTWTCTAAT
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-NNNNN-GGACTACNVGGGTWTCTAAT
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-NNNNNN-GGACTACNVGGGTWTCTAAT

Secondary PCR Primers
P5-i5-Overlap
AATGATACGGCGACCACCGAGATCTACAC-i5-TCGTCGGCAGCGTC
P7-i7-Overlap
CAAGCAGAAGACGGCATACGAGAT-i7-GTCTCGTGGGCTCGG

Sample Name
W0_Fecal_SDfl_1
W0_Fecal_SDfl_2
W0_Fecal_SDfl_4
W0_Fecal_SDfl_5
W0_Fecal_SDfl_6
W0_Fecal_SDfl_8
W0_Fecal_LDfs_1
W0_Fecal_LDfs_2
W0_Fecal_LDfs_3

Forward MID
5' - 3' (i5)
CCAATTCC
TGCTACCT
GAAGACCA
GTACGATC
TATAGCGC
ATATGGCC
TGCTACCT
ATCCGCTT
CAAGCTAC

Reverse MID 5'
- 3' (i7)
CAAGCAAG
GAGAGAGA
ACTCTGTC
CGTTCCTA
TGTGTGAC
GAGTAGAC
CAACCTAG
TTCGTTCG
CAAGCAAG

Description
Week 0 fecal sample, SD hamster + LD FMT
Week 0 fecal sample, SD hamster + LD FMT
Week 0 fecal sample, SD hamster + LD FMT
Week 0 fecal sample, SD hamster + LD FMT
Week 0 fecal sample, SD hamster + LD FMT
Week 0 fecal sample, SD hamster + LD FMT
Week 0 fecal sample, LD hamster + SD FMT
Week 0 fecal sample, LD hamster + SD FMT
Week 0 fecal sample, LD hamster + SD FMT
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Table S1, continued
Sample Name
W0_Fecal_LDfs_4
W0_Fecal_LDfs_5
W0_Fecal_LDfs_6
W0_Fecal_LDfs_7
W0_Fecal_LDfs_8
W0_Fecal_SDfs_1
W0_Fecal_SDfs_2
W0_Fecal_SDfs_3
W0_Fecal_LDfl_1
W0_Fecal_LDfl_3
W0_Fecal_LDfl_4
W5_Fecal_SDfl_1
W5_Fecal_SDfl_2
W5_Fecal_SDfl_4
W5_Fecal_SDfl_5
W5_Fecal_SDfl_6
W5_Fecal_SDfl_8
W5_Fecal_LDfs_1
W5_Fecal_LDfs_2
W5_Fecal_LDfs_3
W5_Fecal_LDfs_4
W5_Fecal_LDfs_5
W5_Fecal_LDfs_6

Forward MID
5' - 3' (i5)
CTCACACT
GTCTCACT
AGTGGTGA
GTAGAGGT
ATCCGCTT
CTACGAAC
ACGATGCT
CGCGATTA
CTGATCTC
TACGATCG
GTGTTCTC
ATATGGCC
TGCTACCT
ATCCGCTT
CAAGCTAC
CTCACACT
GTCTCACT
AGTGGTGA
GTAGAGGT
GTACGTTG
CTACGAAC
ACGATGCT
CGCGATTA

Reverse MID 5'
- 3' (i7)
ATCGTTCC
ACTCTGTC
CGTTCCTA
TGTGTGAC
TGTCGACA
CAACCTAG
TTCGTTCG
CAAGCAAG
ATCGTTCC
ACTCTGTC
CGTTCCTA
CTTGGTAG
ACCAGTAC
CATGTGCA
TGACTGTG
GTACCTAG
AACCAACC
CCTAGGAT
TGTGAGAG
CTTGGTAG
ACCAGTAC
CATGTGCA
TGACTGTG

Description
Week 0 fecal sample, LD hamster + SD FMT
Week 0 fecal sample, LD hamster + SD FMT
Week 0 fecal sample, LD hamster + SD FMT
Week 0 fecal sample, LD hamster + SD FMT
Week 0 fecal sample, LD hamster + SD FMT
Week 0 fecal sample, SD hamster + SD FMT
Week 0 fecal sample, SD hamster + SD FMT
Week 0 fecal sample, SD hamster + SD FMT
Week 0 fecal sample, LD hamster + LD FMT
Week 0 fecal sample, LD hamster + LD FMT
Week 0 fecal sample, LD hamster + LD FMT
Week 5 fecal sample, SD hamster + LD FMT
Week 5 fecal sample, SD hamster + LD FMT
Week 5 fecal sample, SD hamster + LD FMT
Week 5 fecal sample, SD hamster + LD FMT
Week 5 fecal sample, SD hamster + LD FMT
Week 5 fecal sample, SD hamster + LD FMT
Week 5 fecal sample, LD hamster + SD FMT
Week 5 fecal sample, LD hamster + SD FMT
Week 5 fecal sample, LD hamster + SD FMT
Week 5 fecal sample, LD hamster + SD FMT
Week 5 fecal sample, LD hamster + SD FMT
Week 5 fecal sample, LD hamster + SD FMT
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Table S1, continued
Sample Name
W5_Fecal_LDfs_7
W5_Fecal_LDfs_8
W5_Fecal_SDfs_1
W5_Fecal_SDfs_2
W5_Fecal_SDfs_3
W5_Fecal_LDfl_1
W5_Fecal_LDfl_3
W5_Fecal_LDfl_4
Cecum_SDfl_1
Cecum_SDfl_2
Cecum_SDfl_4
Cecum_SDfl_5
Cecum_SDfl_6
Cecum_SDfl_8
Cecum_LDfs_1
Cecum_LDfs_2
Cecum_LDfs_3
Cecum_LDfs_4
Cecum_LDfs_5
Cecum_LDfs_6
Cecum_LDfs_7
Cecum_LDfs_8
Cecum_SDfs_1

Forward MID
5' - 3' (i5)
CTGATCTC
TACGATCG
AGTGGTGA
GTAGAGGT
AGGTGTTC
GTGTACTG
CAGTTCTC
AGACGACA
GTACGTTG
CTACGAAC
TGAGGACA
ATCGGCAT
ACGATGCT
TATTGCGG
CGCGATTA
CTGATCTC
TCCTAGGA
TCTGCTCA
CACTTCTG
GTCACAGT
CTTGTCCA
GGATCCAT
TACGATCG

Reverse MID 5'
- 3' (i7)
GTACCTAG
AACCAACC
CCGCTTAT
GAAGCAAC
CTTGGTAG
ACCAGTAC
CATGTGCA
TGACTGTG
TCGTACCT
GAGAGAGA
CCTAGGAT
TGTGAGAG
TGTCGACA
ACCAGTAC
CTACAGCA
GTGTCTCT
GTACCTAG
AACCAACC
GAAGCAAC
TCGTACCT
GAGAGAGA
TGTCGACA
AAGGATGC

Description
Week 5 fecal sample, LD hamster + SD FMT
Week 5 fecal sample, LD hamster + SD FMT
Week 5 fecal sample, SD hamster + SD FMT
Week 5 fecal sample, SD hamster + SD FMT
Week 5 fecal sample, SD hamster + SD FMT
Week 5 fecal sample, LD hamster + LD FMT
Week 5 fecal sample, LD hamster + LD FMT
Week 5 fecal sample, LD hamster + LD FMT
Cecum sample, SD hamster + LD FMT
Cecum sample, SD hamster + LD FMT
Cecum sample, SD hamster + LD FMT
Cecum sample, SD hamster + LD FMT
Cecum sample, SD hamster + LD FMT
Cecum sample, SD hamster + LD FMT
Cecum sample, LD hamster + SD FMT
Cecum sample, LD hamster + SD FMT
Cecum sample, LD hamster + SD FMT
Cecum sample, LD hamster + SD FMT
Cecum sample, LD hamster + SD FMT
Cecum sample, LD hamster + SD FMT
Cecum sample, LD hamster + SD FMT
Cecum sample, LD hamster + SD FMT
Cecum sample, SD hamster + SD FMT
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Table S1, continued
Sample Name
Cecum_SDfs_2
Cecum_SDfs_3
Cecum_LDfl_1
Cecum_LDfl_3
Cecum_LDfl_4
Cheek_SDfl_1
Cheek_SDfl_2
Cheek_SDfl_4
Cheek_SDfl_5
Cheek_SDfl_6
Cheek_SDfl_8
Cheek_LDfs_1
Cheek_LDfs_2
Cheek_LDfs_3
Cheek_LDfs_4
Cheek_LDfs_5
Cheek_LDfs_6
Cheek_LDfs_7
Cheek_LDfs_8
Cheek_SDfs_1
Cheek_SDfs_2
Cheek_SDfs_3
Cheek_LDfl_1

Forward MID
5' - 3' (i5)
GTGACTGT
GTGTTCTC
CAGTCTCT
ATGGCCTA
AGGTGTTC
CAAGGAAC
GTGTACTG
CAGTTCTC
CAACTGCA
AGACGACA
GTGTCACA
AGTCTGTG
CTCTACAC
GTAGGATG
GGATTAGG
CGCGTATA
TACGGCTA
GATCCTAG
ACGTGATC
AACCTTCC
CCATTAGG
TTCGCCAT
TGAGGACA

Reverse MID 5'
- 3' (i7)
GTGTCTCT
CCGCTTAT
GAAGCAAC
GAAGCAAC
TCGTACCT
GAGAGAGA
GAGAGAGA
TGTCGACA
GTGTCTCT
CTACAGCA
CCGCTTAT
GAAGCAAC
TCGTACCT
GAGAGAGA
TGTCGACA
CTACAGCA
GTGTCTCT
GTGTCTCT
CCGCTTAT
GAAGCAAC
AAGGATGC
GAGAGAGA
CCGCTTAT

Description
Cecum sample, SD hamster + SD FMT
Cecum sample, SD hamster + SD FMT
Cecum sample, LD hamster + LD FMT
Cecum sample, LD hamster + LD FMT
Cecum sample, LD hamster + LD FMT
Cheek pouch sample, SD hamster + LD FMT
Cheek pouch sample, SD hamster + LD FMT
Cheek pouch sample, SD hamster + LD FMT
Cheek pouch sample, SD hamster + LD FMT
Cheek pouch sample, SD hamster + LD FMT
Cheek pouch sample, SD hamster + LD FMT
Cheek pouch sample, LD hamster + SD FMT
Cheek pouch sample, LD hamster + SD FMT
Cheek pouch sample, LD hamster + SD FMT
Cheek pouch sample, LD hamster + SD FMT
Cheek pouch sample, LD hamster + SD FMT
Cheek pouch sample, LD hamster + SD FMT
Cheek pouch sample, LD hamster + SD FMT
Cheek pouch sample, LD hamster + SD FMT
Cheek pouch sample, SD hamster + SD FMT
Cheek pouch sample, SD hamster + SD FMT
Cheek pouch sample, SD hamster + SD FMT
Cheek pouch sample, LD hamster + LD FMT
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Table S1, continued
Sample Name
Cheek_LDfl_3
Cheek_LDfl_4
SD_Slurry_1
SD_Slurry_2
SD_Slurry_3
LD_Slurry_1
LD_Slurry_2
LD_Slurry_3

Forward MID
5' - 3' (i5)
ATCGGCAT
CACTTGTC
TAGGCCTA
TGTCACTC
TATTGCGG
CTGTGTCT
TAGGCGTT
CATGACGT

Reverse MID 5'
- 3' (i7)
GAAGCAAC
GTGTCTCT
AAGGATGC
TCGTACCT
GAGAGAGA
TCGTACCT
GAGAGAGA
TGTCGACA

Description
Cheek pouch sample, LD hamster + LD FMT
Cheek pouch sample, LD hamster + LD FMT
SD donor hamster fecal slurry
SD donor hamster fecal slurry
SD donor hamster fecal slurry
LD donor hamster fecal slurry
LD donor hamster fecal slurry
LD donor hamster fecal slurry
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Table S2. Relative abundance and numbers of enriched OTUs within fecal (A), cecum
(B), and cheek pouch (C) samples within the family level based on LEfSe analyses.
*Could not be identified to the family level.
Sample Type

A. Fecal

Family
Clostridiales*
Lachnospiraceae
Lactobacillaceae
Porphyromonadaceae
Prevotellaceae
Ruminococcaceae
Other

% of enriched OTUs
4.9
5.6
7.7
62.0
5.6
4.9
9.2

Actinomycetaceae

# enriched OTUs
7
8
11
88
8
7
13
142
3
7
79
18
6
3
32
20
168
5

Bifidobacteriaceae
Carnobacteriaceae

3
3

4.0
4.0

Clostridiales incertae sedis XI

8

10.7

Coriobacteriaceae
Corynebacteriaceae
Lactobacillaceae

3
13
11

4.0
17.3
14.7

Lactobacillales*
Peptoniphilaceae

3
3

4.0
4.0

Porphyromonadaceae

3

4.0

Veillonellaceae

3

4.0

Other

17

22.7

Total

B. Cecum

Desulfohalobiaceae
Desulfovibrionaceae
Lachnospiraceae
Porphyromonadaceae
Prevotellaceae
Rikenellaceae
Ruminococcaceae
Other
Total

C. Cheek

Total
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75

1.8
4.2
47.0
10.7
3.6
1.8
19.0
11.9
6.7

Table S3. Enriched OTUs (LEfSe) within long day (A) and short day (B) slurries.
A. Long Day Slurry
OTU #
LDA
p-value
5
4.131
0.0495
6
2.549
0.0495
7
3.363
0.0495
13
3.214
0.0495
17
3.211
0.0495
18
3.435
0.0495
24
3.155
0.0495
26
2.519
0.0495
34
4.346
0.0369
37
2.734
0.0495
38
3.470
0.0495
39
3.189
0.0495
42
3.176
0.0495
47
3.113
0.0495
48
3.455
0.0495
56
3.193
0.0495
60
3.242
0.0495
75
3.200
0.0495
76
2.685
0.0495
87
3.091
0.0495
92
2.763
0.0495
94
3.023
0.0495
112
2.593
0.0495
114
2.420
0.0495

Phylum
Bacteroidetes
Actinobacteria
Bacteria (unclassified)
Bacteroidetes
Firmicutes
Firmicutes
Bacteroidetes
Firmicutes
Proteobacteria
Bacteroidetes
Bacteroidetes
Bacteroidetes
Firmicutes
Bacteroidetes
Firmicutes
Bacteroidetes
Firmicutes
Firmicutes
Firmicutes
Actinobacteria
Bacteroidetes
Bacteroidetes
Firmicutes
Firmicutes

Order
Bacteroidales
Actinomycetales
Bacteria (unclassified)
Bacteroidales
Lactobacillales
Clostridiales
Bacteroidales
Clostridiales
Campylobacterales
Bacteroidales
Bacteroidales
Bacteroidales
Clostridiales
Bacteroidales
Clostridiales
Bacteroidales
Clostridiales
Clostridiales
Clostridiales
Coriobacteriales
Sphingobacteriales
Bacteroidales
Clostridiales
Clostridiales
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Genus
Prevotella
Corynebacterium
Bacteria (unclassified)
Paraprevotella
Granulicatella
Oscillibacter
Barnesiella
Ruminococcus
Helicobacter
Porphyromonadaceae (unclassified)
Coprobacter
Prevotella
Clostridium XlVa
Alloprevotella
Acetatifactor
Porphyromonadaceae (unclassified)
Clostridium IV
Ruminococcus
Acetatifactor
Collinsella
Chitinophagaceae (unclassified)
Porphyromonadaceae (unclassified)
Lachnospiraceae (unclassified)
Clostridium XlVa

Table S3(A), continued
OTU #
LDA p-value
117
2.682
0.0495
126
2.639
0.0495
130
2.728
0.0495
148
3.012
0.0495
155
2.428
0.0495
157
2.083
0.0495
170
2.043
0.0495
175
2.264
0.0495
177
2.032
0.0495
178
2.396
0.0495
180
2.243
0.0495
193
2.265
0.0495
200
2.093
0.0495
205
2.255
0.0495
206
2.244
0.0495
245
2.129
0.0495
277
2.187
0.0495
280
2.124
0.0463
284
2.049
0.0495
287
2.077
0.0495
312
2.299
0.0495
368
2.269
0.0495
373
2.294
0.0495
423
2.045
0.0495
530
2.002
0.0495
574
2.169
0.0463
593
2.642
0.0495

Phylum
Firmicutes
Firmicutes
Firmicutes
Fusobacteria
Firmicutes
Firmicutes
Bacteroidetes
Proteobacteria
Bacteroidetes
Bacteroidetes
Firmicutes
Bacteroidetes
Firmicutes
Bacteroidetes
Firmicutes
Firmicutes
Bacteroidetes
Firmicutes
Firmicutes
Firmicutes
Actinobacteria
Proteobacteria
Bacteroidetes
Actinobacteria
Bacteroidetes
Firmicutes
Bacteroidetes

Order
Clostridiales
Clostridiales
Lactobacillales
Fusobacteriales
Clostridiales
Clostridiales
Bacteroidales
Desulfovibrionales
Bacteroidales
Bacteroidales
Clostridiales
Bacteroidales
Lactobacillales
Bacteroidales
Lactobacillales
Lactobacillales
Bacteroidales
Clostridiales
Clostridiales
Clostridiales
Coriobacteriales
Deltaproteobacteria (unclassified)
Bacteroidales
Coriobacteriales
Bacteroidales
Clostridiales
Bacteroidales
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Genus
Clostridiales (unclassified)
Flavonifractor
Lactobacillus
Fusobacterium
Lachnospiraceae (unclassified)
Lachnospiraceae (unclassified)
Porphyromonadaceae (unclassified)
Desulfovibrio
Porphyromonadaceae (unclassified)
Porphyromonadaceae (unclassified)
Ruminococcaceae (unclassified)
Odoribacter
Lactobacillus
Porphyromonadaceae (unclassified)
Lactobacillus
Lactobacillus
Porphyromonadaceae (unclassified)
Lachnospiraceae (unclassified)
Anaerococcus
Lachnospiraceae (unclassified)
Coriobacteriaceae (unclassified)
Deltaproteobacteria (unclassified)
Porphyromonadaceae (unclassified)
Coriobacteriaceae (unclassified)
Porphyromonadaceae (unclassified)
Lachnospiraceae (unclassified)
Porphyromonadaceae (unclassified)

Table S3(A), continued
OTU #
LDA p-value
692
2.055
0.0495
851
2.059
0.0463
1014
2.101
0.0369
1044
2.101
0.0369
1451
2.061
0.0369

Phylum
Bacteroidetes
Bacteroidetes
Firmicutes
Firmicutes
Bacteroidetes

B. Short Day Slurry
OTU #
LDA
p-value
1
4.751
0.0495
8
3.759
0.0495
9
3.989
0.0495
25
3.626
0.0495
32
3.316
0.0495
41
3.210
0.0495
49
3.072
0.0495
54
3.154
0.0495
57
2.087
0.0495
65
3.092
0.0495
67
2.842
0.0495
110
2.743
0.0495
137
2.507
0.0495
153
2.499
0.0495
162
2.506
0.0495
166
2.626
0.0495
167
2.317
0.0495
168
2.280
0.0495

Phylum
Firmicutes
Actinobacteria
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Proteobacteria
Bacteroidetes
Firmicutes
Firmicutes
Bacteroidetes
Actinobacteria
Actinobacteria
Bacteroidetes
Bacteroidetes
Bacteroidetes

Order
Bacteroidales
Bacteroidales
Clostridiales
Clostridiales
Bacteroidales

Order
Lactobacillales
Bifidobacteriales
Bacteroidales
Bacteroidales
Bacteroidales
Bacteroidales
Bacteroidales
Bacteroidales
Proteobacteria (unclassified)
Bacteroidales
Selenomonadales
Lactobacillales
Bacteroidales
Actinomycetales
Actinomycetales
Bacteroidales
Bacteroidales
Bacteroidales
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Genus
Porphyromonadaceae (unclassified)
Porphyromonadaceae (unclassified)
Acetanaerobacterium
Lachnospiraceae (unclassified)
Porphyromonadaceae (unclassified)

Genus
Lactobacillus
Bifidobacterium
Porphyromonadaceae (unclassified)
Porphyromonadaceae (unclassified)
Bacteroides
Porphyromonadaceae (unclassified)
Prevotella
Barnesiella
Proteobacteria (unclassified)
Coprobacter
Megasphaera
Lactobacillus
Paraprevotella
Actinomyces
Corynebacterium
Porphyromonadaceae (unclassified)
Prevotella
Porphyromonadaceae (unclassified)

Table S3(B), continued
OTU #
LDA
207
2.055
211
2.357
214
2.451
244
2.282
326
2.111
434
2.140
502
2.162

p-value
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495

Phylum
Proteobacteria
Proteobacteria
Firmicutes
Proteobacteria
Bacteroidetes
Firmicutes
Bacteroidetes

Order
Burkholderiales
Desulfovibrionales
Clostridiales
Desulfovibrionales
Bacteroidales
Clostridiales
Bacteroidales
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Genus
Oxalobacter
Bilophila
Dorea
Desulfovibrionaceae (unclassified)
Porphyromonadaceae (unclassified)
Lachnospiraceae (unclassified)
Porphyromonadaceae (unclassified)

Table S4. OTUs correlated with aggression. Operational taxonomic units (OTU) significantly correlated with aggression at α ≤ 0.05 (boldface)
and α ≤ 0.1 levels. Wald's χ2 was calculated using zero-inflated negative binomial (ZINB) regression analyses. *OTU could not be identified at the
genus level.

OTU
#
11
30
54
45
48
61
89
83
104

Wald's
χ2
10.769
5.693
5.352
4.363
4.105
5.136
4.069
4.305
4.331

p-value
0.001
0.017
0.021
0.037
0.043
0.023
0.044
0.038
0.037

Correlation
Direction
-

Phylum
Bacteroidetes
Bacteroidetes
Bacteroidetes
Firmicutes
Firmicutes
Firmicutes
Bacteroidetes
Firmicutes
Bacteroidetes

Order
Bacteroidales
Bacteroidales
Bacteroidales
Clostridiales
Clostridiales
Clostridiales
Bacteroidales
Clostridiales
Bacteroidales

Genus
Muribaculum
Muribaculum
Muribaculum
Lachnospiraceae*
Acetatifactor
Lachnospiraceae*
Muribaculum
Ruminococcus
Muribaculum

108
2
8
13
27
40
66
68

4.512
3.732
2.927
3.398
3.070
3.723
3.202
3.385

0.034
0.053
0.087
0.065
0.080
0.054
0.074
0.066

+
-

Bacteroidetes
Firmicutes
Actinobacteria
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes

Bacteroidales
Lactobacillales
Bifidobacteriales
Bacteroidales
Bacteroidales
Bacteroidales
Bacteroidales
Bacteroidales

Muribaculum
Lactobacillus
Bifidobacterium
Paraprevotella
Prevotella
Prevotella
Muribaculum
Muribaculum

95

3.789

0.052

-

Bacteroidetes

Bacteroidales

Porphyromonadaceae*
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CHAPTER 5

Conclusion

The relationship among environment, brain, physiology, and behavior is complex,
and the exact mechanics have yet to be fully described. The goal of the present doctoral
research was to further elucidate this relationship by clarifying the interaction of
photoperiod, stress, immunity, and the gut microbiota. This was achieved by way of three
studies, which revealed that the paraventricular thalamus mediates photoperioddependent changes in stress response and immune function (Chapter 2), that the pineal
gland regulates seasonal changes in the composition of the gut microbiota (Chapter 3),
and that the seasonal profile of the gut microbiota plays a significant role in determining
aggressive behavior (Chapter 4). Together, these findings connect central neuroendocrine
mechanisms with seasonal physiology and connect seasonal physiology with behavior.
Photoperiodism provides a selective advantage to animals living within temperate
latitudes, as the ability to anticipate environmental changes allows these animals to adapt
in an appropriate and timely manner. These adjustments also allow for tighter control
over energy expenditure by prioritizing temporal needs as a series of seasonal trade-offs.
For example, the harsh winter conditions faced by Siberian hamsters necessitate
upregulation of essential survival functions (e.g., immunity), while non-essential
functions (e.g., reproduction) are consequently downregulated. The mechanisms that
govern photoperiodic trade-offs and physiology are not entirely clear. However, Chapter
2 provides insight into the neuroendocrine circuit that mediates seasonal physiology, and
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clarifies, for the first time, that the paraventricular thalamus is necessary in regulating
both stress and immune function. This begins to illuminate the network connecting
environmental cues to physiological responses.
Another significant, yet largely unexplored, factor in seasonal biology is the gut
microbiota: there is still much to learn about how the host regulates the microbiota, and
how the microbiota, in turn, affects the host. Chapters 3 and 4 address these questions and
contribute novel insights into the relationship between brain, gut, and behavior. The
results from Chapter 3 indicate that seasonal shifts in the gut microbial community are
driven, at least in part, by the pineal gland. The results from Chapter 4 indicate that the
gut microbiota plays an essential role in the seasonal expression of aggressive behavior.
Although the mechanism by which the gut microbiota affects behavior was not explored
in the current research, it is likely that the microbiota communicates with the brain—
either directly (i.e., via the vagus nerve), or indirectly (e.g., through immune, stress,
and/or humoral signals)—to influence seasonal behavioral outputs. Taken together, the
results from Chapters 3 and 4 suggest that photoperiodic shifts in the gut community may
drive other seasonal behaviors in Siberian hamsters, and perhaps in other mammals as
well. Furthermore, these results support the broadly considered hypothesis that
communication between the brain and the gut is bidirectional in nature.
In sum, the present research connects photoperiod to the brain, the brain to
physiology, and physiology to behavior, while also opening promising new avenues of
investigation regarding each of these relationships. This research represents an important
advance in our understanding of photoperiodic biology, our understanding of biological
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rhythms, and ultimately, our understanding of how animals interact with their
environments.
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APPENDIX: IACUC APPROVALS
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